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Abstract 
This thesis describes an experimental study of calixarate overbased detergent oil 
additives, used to neutralise acidic by-products of engine combustion. Aspects of 
interest in this study include experimental synthesis of calixarenes and overbased 
detergents, physical and structural characterisation and monitoring of the synthesis 
process. 
Two types of calixarenes were prepared (6 and 8 phenolic units). A synthesis 
procedure of the calixarate overbased detergent was set up, based on adaptation of 
existing procedures used for other classes of overbased detergents. The procedure was 
also modified to suit a lab-scale. 13C NMR and UV-Vis spectroscopy have provided 
strong evidence for a precursor of the overbased detergent. The ionisation of the 
surfactants (stearic acid carboxylic group, and phenolic units) was clearly established. 
The synthesis process was monitored at the molecular and macroscopic level. The use 
of 13 C-labelled compounds enabled a semi-quantitative study of the concentration 
evolution of each chemical during the synthesis. Langmuir- trough measurements and 
dynamic light scattering showed a decrease of particle size during the synthesis of the 
overbased detergent. The final calixarate overbased detergent was then fully 
characterised by these two methods. 
Based on the various information gathered (starting and final material characterisation, 
monitoring of the process), a mechanism was suggested. This involved a progressive 
solvation of calcium hydroxide, and breakdown of mixed calcium hydroxide and 
calcium carbonate. 
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Chapter one: Introduction and Background 
1.1: INTRODUCTION. 
Lubrication is necessary when different metal components are in contact and in 
relative motion. It helps the components to come to contact with minimal friction and 
wear, and so the performance of a machine is enhanced and its life lengthened., 
Lubrication is relevant to various industrial areas such as marine, aviation, and 
automotive applications. Oils and greases are the most commonly used lubricants, but 
technological evolution and the quest for higher performance in modem machinery 
require that lubricants must now fttnction under ever more extreme conditions of 
pressure and temperature. Environmental considerations also put legislative and 
scientific constraints on the development of new lubricants. For these reasons, the 
formulation of lubricants is an ongoing process and is at the forefront of modem 
synthetic and physical chemistry. 
Lubricants are exposed to extreme variations of temperature and pressure. These 
conditions can be so drastic that a simple oil or grease would soon loose efficiency. A 
simple oil or grease would start to show variations in physical properties (such as 
viscosity) and be subject to degradation by oxidation, while acidic combustion by- 
product would corrode the engine. The problem of engine attack is particularly crucial 
in a marine environment, where the diesel fuel used has a high sulphur content leading 
to high levels of acidic by-product such as sulphur acids. An additive is then needed 
to enhance and prolong the lubricant performance and properties. 
An additive is a chemical mixed in lubricating oil to enhance its properties. According 
to the specific role, there are different classes of additives. The different roles of the 
lubricants include friction and wear reduction, protection against corrosion, and 
suspension of carbonaceous combustion by-products. The total amount of additives in 
a lubricant does now not exceed 20% by weight. 1 
2 
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The different kind of additives function as dispersants, oxidation inhibitors, friction 
modifiers, rust inhibitors, viscosity index improvers, metal deactivators, pour point 
depressants, and overbased detergents. Figure 1.1 shows the development of the I 
different additives since 1932, when crankcase lubricants did not contain any 
2 
additives. 
Additive class 
Year of commercialisation 
Figure I. I: Development of the lubricant additives since 1932 
Overbased detergents first appeared in 1942 with the sulphonates, soon followed by 
salicylates and phenates. New classes of detergents are still being actively developed 
today. The calixarate overbased detergent, the main subject of this thesis, is one of 
these new classes. 
3 
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1.2: OIL ADDITIVE TYPES 
1.2.1: Dispersants. 
Sludge particles and contaminants can settle out in critical parts of the engine and I 
decrease its efficiency. Dispersants are principally used to solubilise the sludge and 
carbon deposits. ' 2 The sludge and its precursor are by-products of the combustion 
process. The dispersants also restrict the accumulation of oil contaminants. A 
dispersant molecule is composed of two distinct parts having different functions. The 
polar head binds itself to the sludge particle, while the hydrocarbon tail helps to form 
a reverse micelle structure in the oil. The sludge particle is then said to be 
"solubilised". The mode of action is shown in Figure 1.2. The dispersants called 
"ashless" dispersants are generally made of succinimides, succinic esters, and 
Mannich bases, and have a high molecular weight (Figure 1.3). 
Dispersant hydrophobic tail 
Dispersant polar head 
Dispersant in solution 'Sludge' particle 
Figure 1.2 : Mode of action of dispersants 
I-LL 
C3-1- 
Dispersed 'sludge' 
particle 
4 
Chapter one: Introduction and Background 
H3 
CH3- r- CH2- 
CH3 
CH3 
I 
CH3- C- CH2- 
I 
CH3 
H3 CH2 
CH2 2-C c 
N-(CH2-CH-NH-)mH 
CH3J 
n 
HC-C. ýýo 
CH3 CH2 
C--CH2-C-CH2-C-C 
1 11 "'ýOH 
CH3 nu- =O 
n 
CH2-C(CH2-OHý 
Figure 1.3: Structures of ashless dispersants a) Succinimides, b) Succinates, c) Alkylphenolamine 
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1.2.2: Oxidation Inhibitors. 
Oxidation phenomena from the base oil at high operating temperature cause sludge 
and contaminants. 1,2 An oxidation inhibitor disrupts the propagation of the oxidation 
chain. These additives are adsorbed onto metal surface and protect them during metal- 
metal contact. 
They decompose peroxides or trap free radicals disrupting the oxidation chain. 
Oxidation inhibitors are mainly zinc dialky1dithiophosphates (ZDTP), aromatic 
arnines and sulphurised products (showed in Figure 1.4). The action mode of this 
inhibitor (01) is shown in Scheme 1.1. 
Initiation: 
RH R' + H' 
Propagation: 
R'+ 02 ROO* 
ROO* + RT ROOH + R` 
ROOH RO* + HO' 
Termination / Inhibition: 
R'* + R! ' - R! -R" 
R! * + ROO* ROOR! 
01' + R" 01-R' 
01'+ R"' OI-R" 
Scheme U: Mode of action of the corrosion inhibitor (01). R and R' are alkyl groups. 
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a) 
ss 
RQ\jj II/ OR 
/ 
P-S-ZW-S-P 
RO 
\OR RO= 
at) 
f HO 
CH3 
b) 
R 
K 
c) 
CH3 
a2) 
a3) 
--(\ 
D/ 
Figure 1A Oxidation inhibitors: a) Zinc dialky1dithiophosphate (with RO-- secondary alkyl (a, ), 
primary alkyl (a2), and aryl (a3)), b) Amines, c) Phenols. 
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1.2.3: Extreme Pressure Antiwear Agents and Friction Modifiers. 
These additives reduce the friction between metal working pieces and help fight wear. 
The life of the metal surfaces is then lengthened and the power loss limited. A 
multilayer film covers the surface to be protected. The friction is then reduced and the 
wear caused by metal-metal contact is avoided. Friction modifiers can be fatty acids, 
graphite and antiwear agents are ZDTP (Figure 1.4), and phosphates. 1,2 
1.2.4: Rust Inhibitors. 
These additives form a film on the metal surface to prevent further oxidation. 1,2, fbey 
are generally made of sulphonates (Figure 1.5), phosphates, organic acids, esters and 
amines. 
--ýIU 
. z'*IJ 
Figure 1.5: Rust inhibitor-sulphonates 
1.2.5: Pour Point Depressant. 
The waxes present in paraffinic oils can precipitate out of solution at low temperature. 
The temperature at which this occurs can be lowered by a pour point depressant. 
These inhibit the formation of interlocking fiber networks by modifying the wax 
crystal structure. The waxes are then held in suspension in the oil. These additives are 
generally made from low molecular weight polymethacrylates (Figure 1.6) 
8 
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CH3 
I 
--C-CH2- I 
_COOH - 
Figure 1.6: Pour point depressant-low molecular weight polymethacrylate. 
1.2.6: Viscosity Index Improvers. 
The effectiveness of an additive designed to make these changes in the oil viscosity is 
measured in terms of the Viscosity Index (VI). This parameter characterises the 
temperature sensitivity of the oil viscosity. 1,2 A high VI indicates an effective additive 
in this respect. When the engine is started up, the temperature of the oil is low and its 
viscosity high. At higher temperature, when the engine has been running for a while, 
the viscosity is fairly low. The role of the viscosity index modifier is to reduce the low 
temperature viscosity and increase the high temperature viscosity. Viscosity 
improvers are generally polyisobutene, methacrylate, acrylate and olefin polymers 
(Figure 1.7). 1,2 Their mode of action (showed on Figure 1.8) depends of their 
structure. At low temperature, they present a rather compact low viscosity form; this 
is turned into an overlapped network at high temperature, increasing the low viscosity 
oil. 
9 
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a) 
CH3 
_COOR 
b) 
--CHI--CH2---CH2-CH- I 
n 1ýn3 
CH3 
C- CH3 CH2- CH2- - CH2- H- 
n- mL 
CH3 
d) CH3 
CH2-C 
I 
U'3 n 
H3 
CH2-C CH2-Cll- 
H2 
nm 
CH3 
6 
Flgure 1.7-. Viscosity Index Improver, a) Alkylmethacrylate, b) Ethylene/Propylene, c) Mixed 
Alkylmethacrylate and Ethylene/Propylene, d) Isobutylene, e) Hydrogenated Styrene/Diene. 
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Low temperature conformation High temperature conformation 
Figure I. S. Low and high temperature conformation of a viscosity index improver. 
1.2.7: Metal Deactivators. 
Metal deactivators reduce the surface activity of a metal in an engine. "2 A surface film 
is created. This prevents oil oxidation catalysed by the metal. Some compounds like 
extreme pressure and friction modifiers are ZDTP (Figure 1.4), metal phenates 
(shown on Figure 1.9) and organic nitrogen compound. 
Figure 1.9: Structure of phenates 
11 
Chapter one: Introduction and Background 
1.3: OVERBASED DETERGENTS. 
Overbased detergents are used in automotive and marine engines to enhance the 
performance of the lubricating oil and maintain the engine efficiency. 2,3 In the marine 
engine, the diesel is less well refined and has a high sulphur content. The combustion 
of such a material creates highly acidic and corrosive acids (e. g. H2SO4). Some Other 
organic acids from the oxidation of the base oil are also produced. Scheme 1.2 
outlines this mechanism. 
Fuel + Oxygen b C02 + H20 + S02 
2SO2+02 2SO3 
S03 + H20 b H2S04 
Scheme 1.2 : The combustion process leading to the production of the sulphuric acid. 
The acids lead to corrosion, shorten the engine's life and decrease its perforrnance. 
The role of the overbased detergent is to neutralise all the acidic contaminants and by- 
products from fuel combustion and oil oxidation. Their detergency properties also 
enable them to clean the engine by solubilising deposits. The overbased detergent has 
the ability to neutralise acidic by-products due to the presence of an inorganic base 
(calcium carbonate, magnesium carbonate) in suspension in an hydrophobic medium 
(the base oil). The salt gives the overbased detergent its basic properties. The name 
"overbased" detergent comes from the fact that these detergents contain more base 
than is required to neutralise the acidic surfactants used to. maintain a colloidal 
dispersion in the oil, The surfactant gives the detergent its solubilisation properties. 
Phenates, sulphonates, salicylates and calixarates are commonly used to make these 
detergents. 
12 
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1.3.1: Overbased Detergent Type. 
Overbased detergents are acid neutralising additives presenting different features. 
They contain a strong inorganic base and a metal surfactant salt. The base to be used 
preferentially is a carbonate, as inorganic colloidal dispersions of carbonates show 
very good performance in this specific kind of detergent. The nature of the overbased 
deteigent depends then on the type of metal and of the surfactant used in the 
synthesis. 
The most common surfactants used have been alkylbenzene sulphonates, sulphurised 
alkylphenates, salicylates and phosphates. For ecological reasons, the environmental 
legislation demands that the number of sulphur based compounds has to be reduced. 
Competition between companies has increased the performance of the detergent. 
Calixarene products have an advantage in being sulphur free. The ability of calixarene 
to complex metals and various ligands are well known. The absence of sulphur in 
these compounds was important from an industrial point of view, a desulfurisation 
unit being in this case unnecessary. The metal salts to be used in the additives are 
usually calcium and magnesium salts, the calcium being used for specialised diesel 
engines applications, and the magnesium to aid rust control in gasoline car engines. 
Sodium can also be used in addition for rust and oxidation control. 4 
1.3.2: Total Base Number (TBN). 
The strength of the overbased detergent is quantified as the Total Base Number 
(TBN). The Total Base Number is defined as the amount of potassium hydroxide that 
would be equivalent in acid neutralisation to a gram of the material, and it is 
expressed in mg of KOH per grain of detergent. The Table 1.1 shows that calixarate 
has the same TBN number range as phenates, without the inconvenience of sulphur 
content. The presence of a co-surfactant (stearic acid) is required to increase the TBN 
number from 300 to 400 in the case of phenates and salicylates. 3 
Sulphonate Phenate Salycilate Phosphonate Calixarate 
TBN range / mg KOH 0-500 0-300 0-300 0-80 0-500 
Table 1.1 : TBN number corresponding to different types of overbased detergents. 3 
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1.3.3: Synthesis of Overbased Detergents. 
The detergent is produced under conditions such that a calcium hydroxide and 
surfactant mixture is turned into micellar calciwn carbonate stabilised by the 
surfactant. The overbased detergents are synthesised in a batch process using one of 
these following three methods: 'solvent free', 'alkoxide' and 'hydroxide process. The 
latter process is the subject of this thesis. 
(1) Solvent Free Process. 
This process was one of the earliest to be developed. It involves reaction between 
alkylphenol (Ar-OH) and solid barium hydroxide to form an intermediate in a base 
oil. 4 The carbon dioxide is then injected into the medium, leading to barium carbonate 
and alkylphenol, which can then react further with some more barium hydroxide until 
completion of the reaction. After filtration, the additive is obtained as a colloidal 
suspension of barium carbonate in oil. The scheme 1.3 summarises this process. 
Oil / Surfactant C02 
Ba(OHý IPA HO-Ba-O-Ar 13aC03 + Ar-OH 
Ar-OH 
Scheme 13: The solvent-free process to synthesise overbased detergents. 
(H)The Alkoxide Process. 4 
This is the main route to magnesium carbonate additives. A soluble precursor is 
synthesised by mixing magnesium and an alcohol, to give an alkoxide that is soluble 
in the alýohol. The carbonation of the alkoxide leads to a carbonated alkoxide. The 
colloidal carbonate dispersion is obtained by hydrolizing the carbonated alkoxide 
along with surfactant oil and a volatile hydrocarbon oil. Further stages involving 
filtration, and centrifugation to remove any unreacted material and distillation of the 
volatile solvents are necessary. The Scheme 1.4 shows the different stages of this 
process. Despite the use of the magnesium (which is cost effective) this process is 
rather complicated to carry out and had been superseded by lower cost technology. 
14 
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Mg 
C2H50H 
- M9(OR)2 
C02 
IN RO-Mg-O-CO2-C2H5 
Oil / Surfactant 
RO-M9-O-C02-C2H5 MgC03 +2 ROH 
H20 
Scbeme IA: The alkoxide process to synthesise overbased detergents. 
(iii) Oxide/Hydroxide ProcesS. 4 
This is the most common industrial process. It uses metal oxide or hydroxide as the 
starting material (Figure 1.10). The oxide / hydroxide reacts with a surfactant in the 
presence of polar solvent(s) and an oil. This "neutralisation stage" produces a 
stabilised structure ready for carbonation, which converts the calcium hydroxide into 
micellar calcium carbonate. The'polar solvents are then stripped off and the product is 
filtered to remove unreacted materials. The study of the hydroxide process is the 
subject of this thesis. 
Oxide or Hydroxide 
Surfactant 
Polar solvents 
Hydrocarbon 
solvents 
Carbon dioxide 
I 
Neutralisation 
I 
Carbonation 
Solvent 
distillation 
Filtratio-n 
Final product__ 
Figure 1.10: The oxide / hydroxide process to synthesise overbased detergents 
Solvents 
Water 
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1.3.4: Overbased Detergent Structure. 
A reverse micellar structure was suggested by molecular dynamics simulation, 5,6 and 
direct evidence was given by Transmission Electron MicroSCOPY. 7-1 0 This structure 
can be divided into three different regions. The calcium carbonate mineral core sits at 
the centre of the structure. Extended X-ray Absorption Fine Structure microscopy 
(EXAFS) showed this to be amorphous carbonate. 7,8,14 The second zone further from 
the centre, is the polar organic shell. It consists of the polar heads of the surfactant, 
co-surfactants and any residual polar solvents, interacting with the outer calcium 
carbonate. The third, or 'outer' zone, contains the hydrophobic alkyl tails of the 
surfactants, co-surfactant, and polar solvents, which help solubilising the reverse 
micellar structure in the base oil. Figure 1.11 shows, generalised, the overbased 
detergent structure ust described. 
Outer organic shell 
(surfactants alkyl tails) 
Calcium carbonate 
Inner organic shell 
(polar heads of 
surfactants) 
Fig"re 1.11: A schematic diagram of the overbased detergent particles showing the three regions 
discussed in the text. 
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1.3.5: Sulphonates. 
Sulphonate overbased detergents are perhaps the most widely used detergent additives 
and have been extensively studied .3 Along with excellent detergency and anti-rust 
properties, they can reach the highest TBN values (up to 500 mg KOH per gram). 
Two different sources of sulphonates have been used: petroleum and synthetic 
sulphonates. The overbased sulphonate is synthesised by reacting the sulphonate with 
a metal hydroxide, in the presence of carbon dioxide (Scheme 1.5). 
2 RS03H + nM(OH)2 
(n-1) C02 
--P- RS03-M-RS03-(MC03)n-I + (n+l) H20 
Scheme 1.5: Synthesis of sulphonate overbased detergent. 
The TEM 7,10 and SANS 11,12 particle size studies gave a particle diameter in the range 
of 3-10 mn with an organic stabilising shell thickness (containing > C15 alkyl chain of 
surfactant) of 2 nm. The shape of the inverse micelles is close to spherical, as 
supported by molecular dynamics computer simulation 12 and TEM studies. ""10 
Evidence of an amorphous calcium carbonate core was also given by EXAFS. 14 
1.3.6: Phenates. 
Phenates are produced from alkylphenols or sulphurised alkyl phenols 'SAP' using a 
similar process to that of the overbased sulphonate detergent discussed in the previous 
section. The SAP is produced in two steps. An olefin is used to alkylate a phenol. The 
alkyl phenol is then 'sulphurised' using sulphur halides or sulphur itself. The 
surfactant produced is thought to be an average of two or more phenol molecules 
bridged by one or more sulphur atoms. The alkyl tails can be straight or branched and 
have a backbone length of typically 12 carbon atoms. The surfactant produced is then 
overbased in one or two step reactions. In the one step reaction, the surfactant is 
produced in situ during the carbonation process. In the two step reaction, the 
surfactant is synthesised and then overbased by reacting it with a metal hydroxide in 
presence of carbon dioxide. 
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The TBN of the phenates is lower than the sulphonates (300 mg KOH per g) and a 
co-surfactant (stearic acid) might then be used to increase it up to 400 mg KOH per g. 
The structure of a phenate detergent is shown in Figure 1.7. The two procedures are 
shown in Scheme 1.6. 
1) (n-1) C02 
2 RH +S+ nM(OI')2 
s 
2) 2 RH +S 
HR-S-RI-I 
(n- 
-1) 
C02 
RSR-M(MC03)n-I + (n+l) H20 
HR-S-RH 
RSR-M(MC03)n-1 + (n+l) H20 
Scheme 1.6: Phenate overbased detergent synthesis. 1) One pot synthesis. 2) Two steps synthesis 
The particle size measurement using the Langrnuir-Trough method gave a particle 
diameter in the range 1.24-1.57 run. 15,16 With a co-surfactant (stearic acid) the 
overbased phenate particle diameter increased to 2 rim. 17 
1.3.7: Salicylates. 
The salicylate overbased detergents are synthesised from alkyl salicylic acids, derived 
from alkYl Phenols by the Kolbe-Schmitt reaction (Scheme 1.7). They have the same 
low TBN as phenates (around 300 mg KOH per g). This can be increased by addition 
of stearic acid as a co-surfactant during the overbasing process, raising the TBN level 
to 400. The alkyl tail of the surfactant can be, as in the case of the phenates and 
sulphonates, branched or linear, the chain length being C8 or greater. A spherical 
shape structure centred, on the mineral core has been suggested by Molecular 
Dynamics computer simulation. 18 
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H 
Alkylation 
+ Olefin - 
OH 
R 
Acidification 
Scheme 1.7: Synthesis of alkyl salicylic acid by the Kolbe-Scmitt reaction. 
OH , 
-Na+ 
R 
Alkylphenol Sodium Alkyl 
Phenoxide 
Kolbe-Schinitt 
C02 PrC&S= 
I 
4; 02H CO2'Na + 
OH 
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1.3.8: Phosphonates. 
This type of overbased detergent derives from phosphonate surfactant. The surfactant 
is produced by reacting polyisobutene (PD3) with phosphorous pentasulfide, as shown 
in Scheme 1.8. The TBN is the lowest for this class of detergent (80 mg KOH per g), 
showing the poor ability of overbased phosphonates to incorporate an inorganic base. 
+ P4S 10 
R= alkyl group 
Scheme 1.8: Phosphonate surfactant synthesis. 
1.3.9: Calixarate. 
R 
I"s 
The calixarate is a new class of overbased detergent, synthesised using calixarenes as 
surfactants. They can reach a high level of TBN and also have the advantage of not 
containing sulphur, unlike the sulphonates and the sulphur alkyl phenates used in the 
past. Calixarenes are flexible macrocyclic molecules, with ring sizes in the range of 4- 
12 aryl moieties. They are made by condensation of formaldehyde with p-alkyl 
phenols. 19 The calixarene molecule presents two distinct parts that make it a very 
good host for selective ligands. The polar rim consists of the phenolic unit interacting 
with each other by intra-molecular hydrogen bonding while the alkyl chains form a 
hydrophobic cavity. 20 
This particular structure with hydrophflic and hydrophobic parts confers on the 
calixarene the ability to act like a surfactant. Calixarene ring size can be altered by 
changing the reaction stoichiometry as well as the experimental conditions. Figure 
1.12 shows various ring sizes for phenol derived calixarene. 
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a) 
tBu 
tBu 
b) 
Figure 1.12 : a) p-tert-butylcalix[4]arene, b) various ring size ofp-alky/caaarene. 
The alkyl tails can also be functionalised. This versatility as well as the host properties 
of the calixarene enables them to be easily overbased by calcium carbonate. Scheme 
1.9 shows the detail of the synthesis process, which will be studied in detail in this 
thesis. The calixarene reacts first with calcium hydroxide and then carbon dioxide is 
injected to convert the hydroxide into carbonate. 
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CalixaTene Stearic acid 
cl)-s t--u 
Ethylene glycol 00 
2-ethylhexan-l-ol 
ca(oflý 
C02 
C4C03 
Scheme 1.9: Synthesis of calixarate overbased detergent. 
H20 
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1.4: AIMS OF PROJECT. 
1.4.1: Introduction. 
Overbased detergent systems made from the traditional detergents, sulphonates and 
phenates, have been extensively studied. Their structure and some of their physical 
properties have been determined, but some aspects of overbased detergent systems 
still remain unclear, in particular the mechanism of formation. The synthesis of an 
overbased detergent typically involves forming a 'pre-carbonation material', by 
mixing a surfactant with a hydroxide metal salt. Carbon dioxide is then injected into 
the mixture, which converts the hydroxide to carbonate. Since the calixarate 
overbased detergents systems are fairly new, very little is known about the structure 
of the pre-carbonation material, and its transformation during the carbonation process 
into the final detergent. The reaction can be unsuccessful, especially if the dosage of 
carbon dioxde is not carefully controlled. An improved understanding of reaction 
processes should lead to better specified synthetic procedures which would minimise 
such 'overcarbonation'. A better understanding of the mechanism of formation of 
overbased detergent will be the aim of this study. 
1.4.2: Synthesis of Calixarene and Overbased Calixarate Detergent. 
The first objective of the study is to develop a routine procedure for synthesis of 
calixarate on the laboratory scale. This will be described in Chapter 2. In order to be 
successful, the 'overbasing reaction' must be carried out in stages. The first step is to 
make the surfactant. Once the surfactant had been chosen, the next step is to find a 
suitable procedure for the overbasing reaction. The approach adopted will be to adapt 
the usual procedure for phenates, with an effort made to maximise the TBN of the 
final product. 
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1.4.3: Monitoring of the Reaction. 
The main theme of Chapter 3 will be to report the methods adopted to monitor the 
overbasing process. The overbased detergent synthesis involved numerous 
compounds, and particular attention will be paid to find a relevant and accurate as 
possible spectroscopic probe for the state of the reaction mixture. All the compounds 
at different stages of the overbasing reaction will be studied by the classic 
spectroscopic methods of UV-Vis, FTIR, 1H and 13 C NMR spectroscopy. Particular 
attention will be paid to the characterisation of the pre-carbonation stage and the final 
overbased detergent. The monitoring will be at two levels, the molecular level, giving 
information on the concentration of the various components with time, and at the 
macromolecular level, giving information on the particle sizes. 
1.4.4: Mechanism Hypothesis. 
Once the stages of the overbasing process have been characterised, hypotheses 
concerning the mechanism of formation of the detergent can be proposed; these will 
be checked by exploring different areas of the synthesis. The nature of the carbonate 
formed will be investigated in some detail. The interaction between the calixarene and 
the ethylene glycol will receive particular attention. From the kinetic point of view, an 
attempt will be made to identify the rate-limiting step in the overbasing reaction. To 
establish the kinetics of the reaction is one of the main objectives of this research. 
From these investigations, the mechanism of the overbasing reaction will be proposed. 
1.4.5: Conclusion. 
To conclude, calixarate synthesis will be optimised, the structure of the detergent will 
be studied and a proposed reaction mechanism will be proposed and compared to 
others found in the literature. Some improvements of the overbasing reaction will be 
suggested if possible. 
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Synthesis of the Calixarate Overbased detergent 
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2.1: INTRODUCTION 
The calixarenes have been proposed as alternative surfactants to sulphurized alkyl 
phenols and sulphonates in overbased detergents. They are four times more powerful 
at complexing calcium ions and twice as powerful in term of antioxidant ability. " 
However, in contrast to the phenate and sulphonate based overbased detergents, little 
is known about the calixarene-based detergents ("calixarates') either in terms of 
synthetic procedures or structural properties. Prior to investigating the mechanism of 
formation (Chapter 3), it was therefore necessary to prepare and characterise the 
calixarates. In particular, since existing recipes relate to 'large scale' processes, a 
laboratory-scale method of preparation was required. Furthermore, for the phenate- 
based overbased detergents, the choice of the particular surfactant involved in the 
overbasing reaction has important consequences on the properties of the final 
detergent. As mentioned earlier, fatty acids like stearic acid will be used in the 
overbasing reaction as a co-surfactant to enhance the TBN (Total Base Number) of 
the detergent. Fatty acids are cheap and advantageous to use on an industrial scale. 
Systems studied in the PhD thesis of Bearchell did not include stearic acid, due to the 
difficulty in extracting the additive for redissolution in others solvents ". Objectives 
of this part of the project were: 
9 The preparation of calix[6]arene and calix[8]arene according to the Lubrizol- 
Adibis recipe 
e The design of laboratory scale preparation of calixarate overbased detergent 
9 The characterisation of the calixarate overbased detergents 
26 
Chapter 2: Synthesis of Calixarate Overbased Detergent 
2.2: SYNTHESIS OF CALIXARENES. 
Calixarenes are flexible macrocyclic molesecules, obtainable in ring sizes containing 4-12 
aryl moieties (Figure 2.1). 
qý 
tBu 
tBu 
Figure 2.1: a) p-tert-butylcalix[4]arene, b) Various ring sizes of calixarenes 
The name is derived from the Greek "calix" meaning 'vase' and 'arene' which indicates the 
presence of aryl residues in the macrocyclic array (Figure 2.2) 
Figure 2.2 : Space-filling molesecular model of a cyclic tetramer (left) and a calix crater (right). 
' Note from Adibis Lubrizol. 
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Bayer, who initiated phenol formaldehyde chemistry, took the first steps leading to the 
discovery of calixarene when he produced resins by condensing formaldehyde and 
phenols in the presence of a mineral acid. 22,23 Then Lederer and Manasse, working 
independantly on the base induced reaction between formaldehyde and phenols, 
managed to obtain o-hydroxymethylphenol and p-hydroxymethylphenot as well 
defined crystalline solids. 24,25 At the time, the Bakelite process (1907) constituted the 
first large-scale production of a synthetic resim 26 The next step achieved by Zinke 
simplified the range of possible products by working with para-substituted phenols 
and formaldehyde, which reduced the number of cross-linking possibilities. 19 The 
absence of reactivity with HBr revealed the absence of ether linkages, and the 
hypothesis of a cyclic tetrameric structure was then formulated for the first time. 
Calixarenes show two notable properties, the relative flexibility of the ring which 
allows a temperature dependant equilibrium interconversion between the different 
cyclic conformers and the 'basket' shape enables them to act as effective host 
molecules . 
27 '28 The ability of the calixarene to act as a molecule receptor was first 
recognised by D. Gutshe, who also coined the name of the compound in 1978.29 
There are many different types of calixarenes, varying according to the nature of the 
phenol used in the condensation with the formaldehyde. Examples are: a) p-tert- 
pentylphenol, b) p-tert-octylphenol , c) p-cresol, 
d) p-phenylphenol, e) isopropylphenol 
(Figure 2.3). 30,31,32,33,34,35 
a) OH b) OH c) OH 
d) OH e) OH 
C5M11 C8H17 OH CGHS 3H7 
Figure 23: ExarMles of phenols used in the calixarene synthesis 
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There are several ways to produce calixarenes. 'These include, (a) one step base-induced 
synthesis (phenol derived and other p-substitued calixarenes), (b) one-step acid-induced 
synthesis (phenol derived calixarenes, resorcinol derived calixarene), (c) one-step neutral 
synthesis or (d) multi-step synthesis. 36,50 For this work the "standard Petrolite" procedure was 
followed to synthesize p-tert-butylphenol derived calixarene in a one-step base-induced 
synthesis. 19,50 The calixarenes produced are a mixture ofp-tert- butylcalix[6]arene and 
p-tert-butylcalix[8]arene. The calixarenes are formed by base catalysis of the condensation 
oligomer formed from formaldehyde and p-alkylphenol in 18-20% solution in xylene. This 
concentration appears to be important as it means that the alkylphenol and formaldehyde react 
to form rings rather than straight chains. The synthesis route to the calixarenes is illustrated in 
Scheme 2.1. 
ot 
0.2 KOH 
1.6 eq of forTnWdehyde 
Scheme 2.1: The route to calixarenes using the petrolite procedure 
H20 
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The detailed mechanism of formation of the calixarene (Scheme 2.2) shows the base 
catalysis of the reaction by KOH: 
0. ' 
OH- H 
/ 
ci, 
CH20: ' 
HH OH 
1 
CHrOH 
Scheme 2.2: Mechanism of formation of calixarene base induced catalysis. 
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2.2.1: Results and Discussion. 
While p-tert-butylcalix[6]arene and p-tert-butyl-calix[8]arene (two different phenol- 
derived calixarenes) are readily available from the usual chemical suppliers, it was 
decided to prepare then in situ using the standard Petrolite method. 19,50 
2.2.1.1: p-tert-butylcalix[6]arene. 
The product termed 'p-tert-butyl-calix[6]arene' was collected after chloroform 
recrystallisation, with a crude yield of 68% as a white powder. The 1H NMR spectrum 
shows evidence of impurities, in addition to the desired calix[6]arene peaks. The 
methylene proton signal is at 3.5-4.5 ppm. The aromatic region shows three peaks at 
7.26 ppm, 7.046 ppm and 7.135 ppm. The peak at 7.26 ppm, can be attributed to 
solvent CHC13. The peak at about 7.135 is characteristic of the aromatic ring of the 
calix[6]arene. The peak at 7.046 ppm can be attributed to impurities, possibly 
unreacted phenol. The phenolic protons are at 10.5 ppm. 
2.2.1.2: p-tert-butylcalix[8]arene. 
The p-tert-butylcalix[8]arene was collected after chloroform recrystallisation as a 
white powder in a yield of 60%. The calixarene was analysed by gel permeation 
chromatography (GPQ at BP Hull on a Waters GPC 2000 enclosed GPC system 
comprising a HPLC pump, autosampler, column heater and refractometer. The GPC 
is a chromatography technique using a stationary phase a swollen gel (polymerizing 
and cross-linking styrene) in a presence of diluent which is a non solvent for the 
styrene polymer . 
51 The compound to be analysed is introduced at the top of the 
column and elutriated with a solvent at rates depending on its molecular size, and 
detected by a differential refractometer. A plot of relative amount of compound versus 
time of elutriation can then be obtained. 25 mg of sample were dissolved into toluene 
(dilution factor 10) and 20 gl were injected, using a flowrate of lml/min. The plot 
showed one major peak at 27 min indicating the presence of 74% of p-tert- 
butylcalix[8]are in the mixture. 
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A peak at 25 min suggested about 6% p-tert-butylcalix[6]arene, but moo t of the 
impurity comprised a later peak (28.5 min). This may be due to the presence of some 
FIgure 2.4: GPC analysis of the p-terf-butylcalix[81arew sample prepared using the standard petelft 
procedure. 
The 1H NMR specmm (Figure 2.5) shows clearly the methylene protons at 3.5 and 
4.5 ppm but shows several signals in the aromatic region in addition to that of the 
aromatic ring of the calix[8]arene at 7.17 ppm. One, at 7.26 ppm, can be attributed to 
solvent CHC13, while the other, at about 7.08 ppm can be attributed to the other 
impurities giving the broad GPC peak mentioned above. The phenolic protons are 
visible at 9.5 ppm. sm-butyl 
CDC13 
Ar 
OH 
methylene 
42 io P; 21m, 
Figure 2.5: 1H NMR specuum of the product from the Perrolile preparation ofp-tert- 
butyicalix[glarene in CDC13 at 25 T. 
2.2.1.3: Discussion. 
1n each case, the purity of the calix aTenes obtained was not optimal, especially the p- 
lerl-buty1calixf6larene. However, these materials are used in the industrial 
preparations of calixarate oveTbased detergents. 
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By using these compounds in further experiments, the starting mixture is close to that 
used commercially, which does not use completely pure ingredients. Attempts to use 
commercially available purer compounds (p-tert-butylcalix[8]arene, 99%, Fluka) lead 
to repeated failure of the overbasing, reaction. I 
2-3: OVERBASING REACTION-SYNTHESIS OF CALIXARATE. 
2.3.1: Introduction. 
The overbasing reaction involves injecting carbon dioxide into a mixture of calcium 
hydroxide and surfactants to create calcium carbonate nano-colloidal particles. 19,52 
Prior to the injection of carbon dioxide (carbonation), stabilisation of the calcium 
hydroxide in the solvents by the surfactants is necessary (neutralisation stage). The 
overbasing reaction is conveniently divided in these two stages: neutralisation and 
carbonation. 
Neutralisation: In this stage, a 'pre-carbonation' mixture of Ca(OH)2, surfactant(s) 
and solvent is prepared. Heating of the mixture with removal of water causes the 
Ca(OH)2 to neutralise (in part at least) the acidic surfactant functional groups K02H 
and Ph-OH). In this work, p-tert-butylcalix[8]arene and stearic acid are the detergents 
while ethylene glycol, 2-ethylhexanol and hexadecane are the solvents. A possible 
formalised scheme is shown (Figure 2.6): Ca(OH)2 is in stoichiometric excess relative 
to all potentially acidic groups leaving residual Ca(OH) 2' 
Calcium hydroxide 
Outer organic she II 
(surfactants alkyl tails) SedimentedCa(OH)2 
in excess 
Inner organic shell 
(polar heads ofsurfactants) 
Figure 2.6: Possible precursor state in the pre-carbonation material. 
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Carbonation: In this stage C02 is injected into the reaction mixture to convert the 
Ca(OH, ) into CaC03. The chemical and physical changes associated with this process 
are the subject of much of this thesis. What is known about the process is based on the 
phenate-based systems. A possible formallsed scheme is shown below (Figure 2.7). In 
practice, the carbonation is the delicate part of the reaction, which can fail to produce 
the desired product if the conditions are not controlled within a narrow tolerance. The 
calixarate overbased detergent appears to be more sensitive in this respect than the 
phenates. In part, this appears to be because the reaction is much faster than the 
former, so it is necessary to inject the gas at a controlled rate, to avoid the 
phenomenon known as "overcarbonation" which results in precipitation of solid 
CaC03. The main aim of this study is to understand the process involved and from 
this information control better this process. However, as a preliminary step it was 
necessary to modify the phenate overbased detergent procedure to find a method that 
could be used for calixarate overbased detergent on a laboratory scale. The procedure 
used here was a modification of that used in industry, but is considered 'small scale'. 
In particular, the staged injection Of C02, used in the large-scale process, was replaced 
by a continuous regulated flow. However, it should be noted that the scope for 
modification of the reaction conditions is limited, since the overbased product is 
relatively sensitive to changes in procedure (component composition and relative 
amounts). 
Outer o rgan ic shc II 
(surfactants alkyl tails) 
Caciurn carbonate core 
Inner organic shell 
(polar heads ofsurfactants) 
Figure 2.7: Suggested composition for the final overbased calixarate detergent. 
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2.3.2: Result and Discussion. 
Several different attempts to find a suitable procedure were made. It should be noted 
that the measure of a successful overbasing reaction is if it yields a translucent 
material, free from visible precipitate and with a high TBN. 
2.3.23: Calixarate Synthesis: Reaction Procedure 1. 
This procedure corresponds to a standard overbasing procedure commonly used to 
make detergents with alkylphenates. 12 Of particular note is the staged addition of the 
stearic acid and ethylene glycol during the neutralisation stage. The process results in 
a good general purpose overbased phenate detergent of TBN ca. 250. The 
stoichiometry of the reaction assumes that the calixarene formed is p-tert- 
butylcalix[8]arene with eight reactive units instead of one for the phenates. The 
amounts of each reactant are shown in Table 2.1. 
compound mw(g) amount(g) moles equivalents 
p-tert-butylcalix[8]arene 163Junit 45 0.276 1 
lube oil 90 
2-ethylhexan- 1 -ol 130 224 1.914 6.93 
ethylene glycol 62 36 0.58 2.1 
stearic acid 284.48 100 0.402 1.45 
Ca(OH)2 74 56 0756 2.66 
carbon dioxide 44 30 0.68 4.61 
Table 2.1: The quantities of reactants used for the calixarate synthesis in procedure 1. 
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The reaction proceeded, but after injection of the C02, the appearance of the product 
became brown, with cloudiness indicative of a precipitate of inorganic calcium 
carbonate. The high viscosity of the product indicated the overbasing reaction was 
not successful. A possible reason for this failure is the fact the neutralisation stage 
might not be efficient when all the ingredients are not mixed together at the 
beginning. Therefore, the procedure was modified by mixing all the 'neutralisation' 
ingredients together at the beginning. A second problem might be the ethylene glycol 
addition. It is well known that under reduced pressure, the ethylene glycol and the 
water (produced during the neutralisation stage) form an azeotropic mixture that is 
removed from the mixture by distillation. Therefore, the procedure was modified 
further by incorporating a two step dropwise ethylene glycol addition. The new 
procedure is called 'procedure 2'. 
2.3.2.2: Calixarate Synthesis: Reaction Procedure 2. 
The main differences compared with procedure I are that all solid ingredients were 
mixed together at the beginning, less 2-ethylhexan-l-ol, but more ethylene glycol was 
used, and a two step ethylene glycol addition (the second portion of ethylene glycol 
being added dropwise) was involved. The lubricating oil was also replaced by 
hexadecane to enhance the purity of the produced calixarate overbased detergent. The 
amounts used are shown in Table 2.2. The carbonation was split in two steps for 
better calcium incorporation in the mixture: 2.5 g/min over 4 min, followed by 2g 
/min over 24 min. 
compound mw(g) amount(g) moles equivalents 
p-tert-butylcalix[8]arene 163/unit 45 0.276 1 
hexadecane 224 90 0.40 1.45 
2-ethylhexan-l-ol 130 117 0.9 3.26 
ethylene glycol 62 11.5+58.5 1.13 4.09 
stearic acid 284.48 100 0.35 1.27 
Ca(OH)2 74 5 0.75 2.74 
carbon dioxide 44 30 0.68 2.47 
Table 2.2: Quantity of reactants used for the calixarate synthesis procedure 2. 
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The mixture which was brown and cloudy turned to brown / green and translucent, 
indicating it was successful and no precipitated CaC03 was apparent. This procedure 
was repeated successfully numerous times to be sure that it was reproducible. Each 
time the product had a translucent appearance (colour brown-green) and its viscosity 
was acceptable. 
2.3.2.3: Calixarate Synthesis: Beaction Procedure 3. 
A procedure 3 corresponding to a scale reduction by 10 of the procedure 2 was 
defined. This small-scale procedure will be used, as the standard procedure when the 
use of rather expensive compounds (13C labelled) is needed. The injection of carbon 
dioxide is then 1.2ghnin during 2.5 min. 
compound mw(g) amount(g) moles equivalents 
p-tert-butylcalix[8]arene 163/unit 4.5 0.0276 1 
hexadecane 224 9.0 0.04 0.15 
2-ethylhexan-l-ol 130 11.7 0.9 3.26 
ethylene glycol 62 1.15+5.85 0.13 4.09 
stearic acid 284.48 10 0.035 1.27 
Ca(OH)2 74 5.6 0.075 2.74 
carbon dioxide 44 3 0.068 2.47 
Table 2.3-. Quantity of reactants used for the calixarate synthesis procedure 3. 
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The synthesis represented by procedures 2 and 3' can then be divided into different 
stages corresponding to the various events taking place during the synthesis of the 
overbased detergent. 
Table 2.4 surnmarises the different stages of the synthetic procedure: 
A) 0-20 min. Heating of the calixarene, hexadecane, 2-ethylhexan-l-ol and stearic 
acid mixture, along with the first part of ethylene glycol, and all the calcium 
hydroxide from 25 to 90 OC at slightly reduced pressure (typically 736 mmHg). 
B) 20-30 min. Removal of water at 90 OC under moderate vacuum (typically 25 
mmHg). 
30-40 min. Reduction of vacuum (typically to ca 736 mmHg) and increase of 
temperature to 130 OC. 
D) 40-50 min. Addition of the second portion of ethylene glycol over 10 min while 
maintaining the temperature at 130 OC. 
E) 50-70 min. Heating at slightly reduced pressure (ca 736 mmHg) and at 130 OC for 
20 min. 
F) 70-72.5 min. Addition Of C02 at same pressure and temperature. 
G) After 72.5 min. Either cooling to 25 OC for analysis or increase temperature to ca. 
200 OC under pressure (ca. 25 mmHg) to remove the solvents during 30 min. 
Table 2.4: Caaarate overbased detergent synthesis procedure I 
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2.3.2.4: Synthesis of the 400 TBN Calixarate: Procedure 4. 
Calixarenes, due to their novel complexation properties, enable the overbased 
detergent to reach a higher level of basicity. Therefore, an attempt was made to 
increase the TBN number of the calixarate from 250 (as in procedure 2 and 3) to 400 
by using larger amounts of lime and CO2. Otherwise the procedure was as for 
procedure 2 and 3. 
compound rnw(g) arnounýg) moles equivalents 
p-tert-butylealix[8]arene 163/unit 45 0.276 1 
hexadecane 224 90 0.40 1.45 
2-ethylhexan-l-ol 117 117 1 3.62 
ethylene glycol 62 11.5+58.5 1.13 4.09 
stearic acid 284.48 114 0.44 1.45 
Ca(OH)2 74 90 1.21 4.40 
C02 44 48 1.09 3.95 
Table 2.5: Quantity of reactants used for the calixarate synthesis by procedure 4. 
The carbonation reaction occurred without any problem: distillation of water, correct 
changes of colours and appearance as for previous calixarate overbased detergents. 
However, the filtration (using filteraid, heating lamps and vacuum filtration) of this 
400 TBN calixarate overbascd detergent was impossible to achieve. It has been found 
in the past that for high TBN calixarates (obtained from the corresponding 
octadecylcalixarene) there were problems of viscosity (the main factor in filtration 
problems) too. 14 There seems to be an analogy of behaviour (on the viscosity point of 
view) between these two families of 400 TBN calixarates. 
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2.3.2.5: Synthesis of 13C-labelled Nonadecanoic Acid. 
Co-detergent acids such as stearic acid are good promoters of the carbonation reaction 
and give acceptable viscosity to the final product of the overbasing reaction, inducing 
those of calixarates. The use of this 13 C-labelled compound was required to 
investigate how it is involved in such a reaction, using NMR monitoring. The first 
step of the synthesis proceeded via a Grignard reaction to make stearyl magnesium 
bromide from stearyl bromide. The second stage was the carbonation of this 
compound by labelled 13 C02, to obtain the nonadecanoic acid labelled on the carbon 
atom of the carbonyl group (CI). The only difference between stearic (C18) and 
nonadecanoic (C19) acid is one carbon atom in the alkyl chain. Therefore, diluting the 
labelled material to 10% by use of stearic acid ought not to make any difference in the 
reaction. The route is shown in Scheme 2.3. 
CISH37-Mg-Br 
13 C02 
10 CISH3713CO2-Mg-Br 
NH4CI 
No CISH37- 
13 C02H 
Scheme 2.3: Synthesis of the 13C labelled nonadecanoic acid using a Grignard reagent. 
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2-4: CHARACTERISATION OF PRE- AND POST- 
CARBONATION MATERIALS 
The materials, mostly prepared using procedure 3, were investigated by various 
methods, namely, 1H NMR, 13C NMR, FTIR, UV-Vis spectroscopy, Dynamic light 
scattering and Langinuir Trough measurements. The results of these analyses are 
given in this section. 
Both the pre-carbonation material and final overbased detergent were synthesised and 
collected within the same experiment. Some of the pre-carbonation material was 
collected before the carbonation stage, and the overbased detergent at completion of 
the carbonation. 
2.4.1: Nuclear Magnetic Resonance Spectroscopy. 
Nuclear magnetic resonance spectroscopy is a technique that uses the 
electromagnetic properties of certain nuclei, when subjected to a magnetic field. Any 
nucleus with a spin angular momentum associated with a spin quantum number I, 
shows 21+l possibilities of spin orientations in the magnetic field (see Figure 2.8). 
Energy levels for a nucleus with spin quantum number 112 
Applied 
No field magnetic field 
CD '0 w0 
aI 
uj 
Figure 2.8 : Magnetic field induced energy splitting between two quantum states. 
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The transitions between the different energy levels can be induced by electromagnetic 
radiation, at particular frequencies. During a NMR experiment, the sample is exposed 
to a magnetic field and the frequency range covered. The frequencies at which 
resonance occurs are recorded and converted to a spectrum. The chemical 
environment of a proton can influence where it resonates, and examination of the 
spectrum lead to a determination of the molesecular structure. As a reference for IH 
and 13C, tetramethylsilane is used to compare the resonance frequencies recorded to 
its own, the difference between the resonance frequencies is defined as the chemical 
shift 5. Due to the poor natural abundance of 13C compared to 1H, it is harder to 
observe, but with the use of 13C enriched material it is possible to produce an 
observable signal for small amounts of material. This will be precisely the case for the 
calcium carbonate 13 C NMR study. For the 13 C NMR analysis both standard solution 
NMR and solid state NMR techniques were used. 
The standard NMR technique is used on liquid state samples. Due to the intrinsic 
viscosity of the materials (from pre-carbonation to the final calixarate overbased 
detergent), the samples were run on a Bruker 300 MHz spectrometer and on a Jeol 
GSX270 (operating at 67.78MHz for 13C) at the temperature of 130 OC, without added 
deuteriated NMR solvent. At 1300C the viscous suspension of nanoparticles becomes 
more mobile. 
The solid state NMR technique used in this work is the Magic Angle Spinning (MAS 
NMR). In the solid state, intramolecular dipolar interactions cause broadness. This is 
due to the fact that there are no possibilities for the molecules to tumble as they can 
do in a liquid state, so these interactions cannot be averaged to zero. To enhance the 
readability of the spectra by reducing the broadening of the signals, the MAS method 
is used. The sample is spun about an axis making an angle 0 with the magnetic field 
Bo (Figure 2.9). 
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Applied magnetic field 
Precessional 
orbit 
Spinning 
n ucl ucleus 
Figure 2.9: A schematic diagram illustrating the principle of 13C solid state NMR magic angle 
spinning. 
Expression of the dipolar interactions contains a term (3cos20-1), with 0 being the 
angle between the molecule-fixed axis and the magnetic field. By choosing a value of 
54.7') for 0, this ten-n and consequently the dipolar interactions can be reduced to zero. 
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2.4.1.1: 13C NMR Spectroscopy ofPre-and Post Carbonation Samples. 
An overbased material was prepared using the p-tert-butylcalix[8]arene prepared as in 
Section 2.2.1.2. ' The carbonation was carried out according to procedure 3 (Section 
2.3.2.3 above), except that 13C, -labelled nonadecanoic acid was mixed with stearic 
acid in the ratio 1: 9. This was done to improve the intensity of the carboxylic signal. 
The 13 C NMR spectrum of the neutralized material was obtained at the end of stage A, 
and was subjected to NMR without NMR solvent130 at OC to give the spectrum in 
Figure 2.10. 
h 
4- 
Figure 2.10: 13 C NMR of 'pre-carbonation' calix(S]arate detergent at 130 *C (no NMR solvent). Stage 
A. 
" Purity: 74% of calix[8]arene, 6% calix[6]arene, 20%uncharacterised material by GPC. 
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In order to monitor the reaction (see Chapter 3) it was necessary to identify 
characteristic signals of each component in the mixture. These peaks were identified 
by comparison with 'pure' compound spectra. Where peaks did not correspond to 
those of the 'pure' compounds subjective assignments were made. For example, 
Figure 2.10 show sa peak at 185 ppm, but is missing the stearic acid CI signal seen at 
179 ppm in the 'pure' material. It is reasonable, therefore, to propose that the 185 
ppm peak is the same C, signal, but shifted due to reaction of stearic acid during the 
neutralisation step. ' 
The signals visible in Figure 2.10 were assigned as shown on Table 2.6: 
Peak 8/ PPM Assignment 
(a) 185 C, of stearate 
(b) 125-135 CA, of calixarene 
(c) 77 Impurity? 
(d) 66 C, of 2-ethylhexan- I -ol 
(e) 63 CH2 of ethylene glycol 
M 42 C2 of 2-ethylhexan- 1 -01 
(9) 39 Stearic acid C2 
(h) 21-35 C2-C, 5 of hexadecane, C3-C17 Of 
Stearate, C3-CS and C, ' of 2w 
ethylhexan- I -ol 
(i) 14 C, and C16 of hexadecane, Cig of 
stearate, C6 of 2-ethylhexan-1-01 
0) 
Ll I 
11 Cz, of 2-ethylhexan- 1 -01 I 
Table 2.6: 13 C NMR peak assignments for the spectrum shown in Figure 2.10. 
'It must also be recognised that changes in chemical shift could result from complexation or even 
physical changes during the synthesis. 
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The subsequent carbonation was carried out according to procedure 3 (Section 2.3.2.2 
above). The 1 3C NMR spectrum of the final calixarate, overbased detergent was 
obtained at stage G, and was subjected to NUR without NMR solvent at 130 T. 
h 
2N ISO IN so PPM 
Figure 2.11: 13 C NMR of final calix(S]arate overbased detergent at 130 T (no NMR solvent). Stage 
G. 
The carbonation lead to some changes in the 13C lq? 4R spectrum of the material, 
which is now a calixarate, an overbased detergent. The stearate carbonyl (a) is 
extremely broadened compared to the pre-carbonation material. The 2-ethylhexan-l- 
ol Ci and C2 that should appear at 66 and 42 ppm. respectively are missing due to 
solvent stripping. Although the proximity of the ethylene glycol signal can obscure 
the Ci(a) signal, which might indicate the presence of the hexanol, small hexanol 
signals (f, C2,42 pprn and j, C2'i II ppm) provide an alternative indication of its 
Presence. The CH2 signal of ethylene glycol is visible at 63.4 ppm and is extremely 
broadened compared with neutralised material. The p-tert-butylealix(8]arene aromatic 
ring signals (120-150 ppm) also broaden compared with the pre-carbonation material. 
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2.4-2: UV-vis Spectroscopy. 
Ultraviolet radiation refers to the region of the electromagnetic spectrum beyond the 
violet end of the visible light, and encompasses the region between 25000 to 50000 
cm-1 (400-200 nm). The absorption of UV radiation by a molecule leads to transitions 
among the electronic energy levels of the molecule. The strength of UV spectroscopy 
lies in its ability to measure the extent of multiple bond or aromatic conjugation 
within molecules, which is ideal to study calixarenes. 53 Electrons in the vast majority 
of molecules fall into four classes: core (tightly bound to the nuclei), a, ir and non- 
bonding electrons. Energy absorbed in the UV region produces changes in the 
electronic energy of the molecule resulting from transitions of valence electrons in the 
molecule. These transitions consist of the excitation of an electron from an occupied 
molecular orbital (usually ag orbital) to a higher energy orbital (an antibonding or Zý 
orbital). Samples were analysed on a Philips 8700 spectrometer after dissolution in 
CHC13. The instrument is a dual beam spectrometei that operates by passing light of a 
given wavelength trough a dilute solution of a sample in a non-absorbing solvent. The 
absorbance of light by the sample is then measured by a detector, which collects the 
emergent light. 54The absorbance of the solution can be related to the concentration of 
solution using the Beer-Lambert law: 
Abs =F, xlxc 
where Abs is the absorbance (no unit), e the molar extinction coefficient (mol-' cm'I 
I the pathlength (m), and c the molar concentration (mol . 1"). 
The low calixarene content of the mixture makes analysis of it by 13C NMR difficult. 
However, this component of the overbased detergent, being aromatic, shows strong 
Uv-vis absorption. Furthermore, changes in X. and F, for neutralisation of phenols 
are welldocurnented allowing the possibility of monitoring any such changes here. 19 
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The cyclic oligomers have two different absorption maxima at 280 and 288 ýrn in the 
ultraviolet region. 11c ratio of absorption at these two wavelengths is a function of the 
size of the ring. For a p-tert-butyl group-containing eight unit ring the absorbtivity in 
chloroform (e.. ) at 280 mn is 23100 mol"cm7land at 288nm is 32100 mor, cm-1.19 
Tle UV-vis spectrum of the calixarene (Figure 2.12) shows a strong band at 290 nm, 
corresponding to an cý,,, experimentally measured of 8961 mor, cm7l. This might be 
due to poor dissolution of the calixarene into the solvent (see GPC Figure 2-4). 
4.1+ 1+ .++ 
++ 1+ ++ 
I 
4++++4 
++++- 
I 
FIgure 2.12: UV-vb spectrum of p-tert-buty1caftQlarew in CHa3 
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The neutralised material (Figure 2.13) shows two new bands centred around 291 nm 
and 300 run, while retaining a shoulder at 280-288 nin. The new bands correspond to 
a bathochromic shift of 10 nm on the adsorption wavelength due to the complexation 
with the calcium during the neutralisation. The fact that both original peaks (shoulder 
at 280-288 mu) and the new deprotonated ones are present suggest partial 
deprotonation. I'lie UV-vis spectrum of the carbonated material (calixarate overbased 
detergent, Figure 2.14) is similar to that of the neutralised material. The carbonation 
process does not have much effect on UV-vis spectrum following neutralisation. The 
adsorption band of the calixarene (centred around 300 nrn) does not change much 
except for its shape. This is evidence that, like the stearic acid, the calixarene is pairt 
of a pre-carbonation material as a salt of calcium, and that this is retained during 
carbonation. 
I 
+ 
I 
Figure 2.13 LTV-vis spectrum neutralised material in CHC13- 
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I 
Q 
+ 
ei 
Figure 2.14: UV-vis spectrum calixarate overbased naterW lend of stage G) in CHC13. 
The number of sites ionised on the calixarene though still remains unclear. A simple 
experiment was then set up to estimate it (procedure 5). Figure 2.16 shows the 
calixarene in the presence of ca. 200 fold excess of BuLi. 
+ + + + + + 
"1 
+ + + + + + 
+ + + + + + + 
+ + + + + + 
+ + I. + 
Figure 2.16: UV-vis spectrum of the calixarene ionised by BuLi in THF. 
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The ionised calixarene showed an absorbance of 0.313 at a wavelength of 308 mn. It 
was assumed hat the UV-vis spectrum represented an octa-deprotonated calixarene. 
This corresponds to a c,,. of 44545 mol-1 cm". This value is five times greater than 
the s., of the protonated calixarene (8961 mol-1 cm"). Deprotonation of a phenolic 
unit results in a bathochromic shift of ca. 17 nm and in a doubling of the extinction 
coefficient value. Since the neutralised material showed almost equal protonated 
versus deprotonated peaks, an extent of deprotonation of 20% is estimated. Therefore, 
an estimate of two deprotonated sites out of eight is suggested. 
Although pK,, values are not available for p-tert-butylealix[8]arene, they can be 
extrapolated from values measured for p-nitrocalix[4]arene ( 2.3,10.9,12.3 and >14 
in 85.4% ethanol water). 55 Assuming that a para-alkyl group increases a pK. value by 
ca. 3 units (10.26 p-methylphenol versus 7.2 p-nitrophenol), 56 the proposed pK. 
values for p-tert-butylcalix[8]arene are 5,14,15 and >17. Given that the pK. of H20 
(the conjugate acid of hydroxide) is ca. 15, this also suggests a maximum of 2 
deprotonated sites out of 8 in the neutralised material. The lack of significant changes 
in the Uv-vis spectrum between the 'neutralised'material and the calixarate overbased 
detergent indicates a similar degree of deprotonation, although CaCO3 is considered 
to be a weaker base that Ca(OH)2. 
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2.4.3: Langmuir-Trough Measurement. 
2.4.3.1: Introduction. 
The Langmuir-trough or Langrnuir film balance technique enables the physical 
characterisation of a spread monolayer of hydrophobic particles onto the surface of 
water. Parameters such as particle size, but also contact angle with water and particle 
interaction forces can then be measured. It well known that the calcium overbased 
detergents (calcium phenates, calcium sulphonates and calcium calixarates) are 
dispersible into apolar media such as hydrocarbons (lubricating oil, and hexadecane in 
this particular case), but not in water. This is due to the fact the external shell 
surrounding the calcium carbonate core composed of alkyl groups (surfactant tail) 
helps to solubilize the calcium in the oil, but keeps it out of water. 
The Langmuir film balances were originally used to characterize long chain polar 
molecules such as fatty acids or fatty alcohols. In the 80's, a wider selection of 
materials (polymers) was studied to provide the electronic and optical industry 
components used in the making of thin membranes. 17 The technique was then 
extended later to the study of latex particles at the air/water interface and measure 
particle size. 57 The study of colloidal calcium carbonate overbased detergent 
(alkylphenols, alkyl aryl sulphonates and calixarates) was then developed by Clint and 
Taylor 17 and is still used today to study nanoparticles. 58 
The Langmuir-trough method will be used later (in Chapter 3) to monitor the particle 
size evolution of the system during the carbonation process, when the calcium 
hydroxide is converted into calcium carbonate. Information about the contact angle 
and particle-particle interaction forces can also be obtained. For the moment, only the 
neutralised material and the final calixarate overbased detergent will be examined. 
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2.4.3.2 Use of Langmuir- Trough Apparatus 
A final stage calixarate overbased detergent synthesized using procedure 6 (Chapter 
3) was first extracted and studied. The apparatus used for this study was a Lauda FW2 
Langmuir Filmwaage trough comprising a trough filled with the water on top of an 
anti-vibration bed. The trough is fitted with a movable hydrophobic barrier, which 
controls the surface area occupied by the sample. A floating boom fitted with a 
pressure transducer runs the width of the trough and is used to measure the difference 
of pressure between the sample covered and the clean water subphase (Figure 2.17). A 
computer was used to record the surface area against the surface pressure profile. 
Computer Clean subphase Sample covered subphase 
Figure 2.17: Diagram of the Langmuir trough apparatus 
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To prevent any contaminants of the water subphase to affect the measurements, Milli- 
Q purified water was used and the surface was cleaned by suction after each run. 
The precipitated final calixarate (containing mostly calcium hydroxide/ carbonate, but 
also stearic acid and calixarene) was dissolved in AR grade toluene to form an 0.5% 
solution. A small amount of this (60 gl) was then spread evenly over the water surface 
(at 298 K) between the barrier and the boom and the apparatus left for several minutes 
to allow evaporation of the solvent. The barrier was then swept across the surface and 
the changes in surface pressure rl and the surface area A were recorded over a period 
of between five and ten minutes (Figure 2.18). The characteristic inflexion point 
(called the knee) determines the close packing area (for a monolayer film) beyond 
which a multilayer film will be obtained, due to particle ejection from the surface. 
Surfwe pressure f Area curve fbr cabaide 
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Figure 2.18: rT-A curve of calixarate spread from toluene onto air-water surface. 
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The theory is explained as follows. The common assumptions are that the particles are 
monodisperse, spherical and remain coplanar up to the point of hexagonal close 
packing. Then the effective volume per particle is equal to the particle diameter, 2R, 
multiplied by the area of the circumscribing hexagon (Figure 2.19, Equation 2.1). 
2R 
Figure 2.19: The effective volume of the sphere hexagonally close packed 
is the volume of the 
circumscribing hexagonal tube. 
V(effective) = 2R x 2(3' 
/2)XR2= 4(3)' /2 xR3 (2.1) 
V (actual) = (4 / 3); T x R' 
(2.2) 
V(effective) 
= (4 / 3) 1/2 /(4 / 3); r = 1.654 
(2.3) 
V(actual) 
If Ah is the trough area occupied by the particles when hexagonally close packed, v 
is 
the volume of solution spread (ýd), w the percentage in weight of the sample in 
solution, pp the density of the particles, p, the density of the solvent, then the diameter 
is given by the following formula: 
2R = 1.654wvp, I(IOOAhop) (2.4) 
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2.4.3.3: Results and Discussion. 
The final detergent prepared according to procedure 3 was first precipitated using 
acetone then dissolved in toluene (20 mg per ml). The sample was then applied to the 
Langmuir- trough apparatus. A typical 11-A curve was obtained and gave a close 
packing area value of 0.18M2/Mg of sample spread (0.1 9M2 for 1.04 mg of solution 
spread), corresponding to a surface pressure of 7n1N/m. Use of equation 2.4 allows 
2R, the particle diameter to be calculated. 
The actual values of the different parameters needed to calculate the particle diameter 
for the sample used are shown in Table 2.7: 
1 p. /e eni, 1 p. /g eni, 1v/ vi 1 w/ (%) 1 IPMNIM i Ah/mz 1 cr/nm 
10.867 1 1.015 160 12 
_ 
17 10.19 18.9 
Table 2.7 Parameters for the calixarate overbased final detergent. Ah is the trough area occupied by the 
particles when hexagonally close packed, v is the volume of solution spread, w the percentage in 
weight of the sample in solution, p. the density of the particles and p, the density of the solvent. 
2R = 1.654wvp, I(IOOAhp,, ) (2.4) 
After calculation, a particle diameter of 8.9 nm was found. This value is larger than 
some other values found in the literature but is still reasonable. 16,17,59 For comparison 
the values found for pheriates are close to 3 mn. 
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2.4.4: Dynamic Light Scattering. 
2.4.4.1: Introduction. 
The interaction of electromagnetic radiation with molecules leads to absorption or 
scattering of the radiation. Scattering results from the interaction of the electrons in 
molecules with the oscillating electric field of the radiation. A dipole is then induced 
in the molecules, which oscillates with the electric field. This leads to electronic 
radiation emitted by the molecule, the scattered light. The frequency shifts, the 
angular distribution, the polarisation and the intensity of the scattered light are 
determined by the size, shape and molecular composition of the scattering material. 
Dynamic light scattering measures the particle size of colloidal material. 60 It operates 
by measuring the temporal fluctuations in the light scattered by the particles. 
The hardware consists of a powerful source of monochromatic light (laser), a 
photomultiplier (to analyse the scattered light), a correlator and a computer to convert 
the signals into particle sizes (Figure 2.20). A current limitation of the technique is the 
impossibility to detect particles of diameter much lower than 100 mn. 
Photomultiplier 
r-I 
I 
I 1ý Laser 
k--ý Correlator Computer 
Sample suspension 
Figure 2.20: Photon correlation spectroscopy hardware 
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Interference patterns are produced by an array of particles. In the case of small 
particles diffusing rapidly, the scattered light shows rapid fluctuations, whereas in the 
case of larger particles the fluctuations are slower. The variation in the light level 
contains, then, information about the particle size. Due to their random motion, there 
is a random component in the fluctuation. Using statistics, a correlation function 
describes how fast the signal is changing. If particles are monodisperse, the 
correlation function is an exponential one and its decay is related to the particle size. 
Particles moving randomly, loose information about their previous position at an 
exponential rate, and their particle size can then be measured by measuring the decay 
rate of the correlation function. When the particles are polydisperse, each particle size 
contributes to an exponential component of the correlation function. Algorithms are 
then used to solve the mathematical problem leading to the determination of the 
different particle sizes. 
2.4.4.2: Results and Discussion. 
The neutralised material and the overbased detergent were analysed by dynamic light 
scattering using a Malvern 4700c system using an argon ion laser operating at 488 run 
as a light source. The scattering angle was kept constant at 90* and the measurements 
were performed at 25.0 ± 0.1"C. The particle size distribution and average particle 
size were obtained from the correlation function using the PCS software program 
(version 1.35) supplied by Malvern Instruments Ltd. Prior to making the 
measurements, the equipment was calibrated using standard polymer latices of 
nominally 100 and 400nm diameter. The extracted calixarate were diluted in AR 
grade toluene to form a 0.5% in toluene solution prior to analysis. The raw data and 
their analysis can be seen in appendix 1. The dynamic light scattering showed that the 
neutralised material was composed of a wide variety of particle sizes. These are small 
(78-225 nm) or medium (225-843 nm) representing 93% of the population, and large 
(843-30 ýLrn), 7% of the population. 
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Due to their very small size, calixarate overbased detergent particles (diameter 8.9 
nm) cannot be detected. Therefore, during carbonation, only the evolution of the 
calcium hydroxide particle population can be detected. It is shown in Chapter 3 that 
the neutralised material contains particles of diameter greater than 200 nm. A 
decrease in the proportion of small particles and an increase in the proportion of larger 
particles were recorded during the carbonation (this relates to the remaining calcium 
hydroxide population). After 90% of carbonation, the proportion of large calcium 
hydroxide aggregates (800-30 pm) in the remaining of calcium hydroxide increased to 
40%, while the smallest particles (78-225 nm) had decreased to ca. 0%. 
2.4.5: Discussion. 
The pre-carbonation material: While existing studies of phenate-based carbonated 
material allow some aspects of the final structure of the calixarate overbased detergent 
structure to be guessed at, very little is known about the neutralised material, even for 
phenates, etc. A key question here and in general is the possibility of a pre-existing 
inverse micellar structure for the pre-carbonation neutralised material, i. e. what is the 
level of organisation by the neutralisation stage? How affected are the individual 
components of the mixture? 
The spectroscopic study (1H, 13C NMR, and LJV-vis) shows that the major event 
occurring during the neutralisation stage is the binding of the calcium hydroxide to the 
polar heads of the stearic acid and the calixarene phenolic units. The carboxylic C1 of 
the stearic acid shows a chemical shift of 5 ppm to lower field in the 13 C NMR after 
complexation with the calcium hydroxide to produce a calcium stearate. The electron 
withdrawing properties of the calcium ion explains the chernical shifting to lower 
field of the carboxylic signal. The broadening of this signal indicates as well a 
decrease in the mobility of the polar head of the stearate, which is visible on the NMR 
time scale reflecting its incorporation into a less mobile structure (a nanoparticle). 
Evidence of the interaction calixarene-calcium hydroxide is given by UV-vis 
spectroscopy. 
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The acidities of the calixarenes are not well defined, (especially in an non-ideal non- 
aqueous medium) due to their insolubility in water and aqueous bases and their poor 
solubility in organic solvent. 61 62 However, it is clear that their phenolic groups do 
react in an acid-base reaction with the calcium hydroxide to produce calcium 
calixarate. The UV-vis spectroscopy showed that the B band transition is shifted fi-om 
290nm to 302 mn. The complexation with the calcium in an acid-base reaction (like 
calcium hydroxide and stearic acid) result in the bathochromic shift due to increased 
conjugation resulting from the anionic 0 atom. 
Other compounds, ie. the solvents ethylene glycol, 2-ethylhexan- I -ol and hexadecane 
did not show any particular changes and seem to only act as solvent and co-solvent. 
The specific role of the ethylene glycol will be discussed further in Chapter 3: 
Monitoring the overbasing process. 
From a mesoscopic point of view, the dynamic light scattering shows the existence of 
a wide range of calcium hydroxide particles following neutralisation. Three classes of 
particle can be defined, according to their size: (a) small particles (78-225 nm), (b) 
medium particles (225-843 run) and (c) large particles (843nm-301AM). It should be 
noted that the literature quotes the existence of small colloidal calcium hydroxide or 
thiophosphate particles (resp 10-80 and120-300 mn). 63'64 The particle size distribution 
in numbers is the total number of particles with a specific size expressed as a 
percentage. The particle size distribution in volume is the total volume occupied by 
particles of a particular size, expressed as a percentage. Figures 2.21 and 2.22 show 
that the majority of particles are smaller than 843 mn (size number distribution), but 
the volume is mainly due to the larger particles (size volume distribution). The 
calcium hydroxide structure at this stage can be described, as a relatively small 
number of big aggregates surrounded by lots of small particles. 
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843nm, dý30 pm 
Mean=1470. lnm 
7% 
225nm, d, 
Mean=34, 
571A 
Figure 2.21: Particle size distribution in numbers as a percentage of the number of particles. 
225nmýd-843fvn 
7Bnm <&225rwn 
Meam-344,5rvn 
Mearr-105.3rrn 7% 
843rrn<d<30 pm 
Mean=1470. lnm 
92% 
Figure 2.22: Particle size distribution as a percentage of volume occupied. 
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Carbonation stage: from calcium hydroxide to calcium carbonate 
The final overbased detergent was synthesised and characterised by both 
spectroscopic and physical chemistry methods. A calcium carbonate core was made 
soluble in hexadecane by calixarate and stearic acid surfactants. The particle as 
measured by the Langmuir-trough has a diameter of 8.9 nm (including the calcium 
carbonate core and the alkyl tails of the surfactants). The presence of calcium 
carbonate was confirmed by a 13C NMR peak at 167 and 169 ppm. (use of 13 C02) and 
by Raman peak at 1070 cm-1 (see Chapter 3). 65 '66 Except for the conversion of calcium 
hydroxide into of calcium carbonate, the changes between the pre-carbonation 
material and the final detergent appear to be mainly physical. The broadening of the 
13 C NMR signals for stearic acid, ethylene glycol, and calixarene, indicates a decrease 
in the mobility of the compounds. The calixarene (UV-vis B band at 300 cm-1) and the 
stearic acid (I 3C JqjVM 170 ppm) did not show any further shifts on carbonation, 
indicating that the binding with calcium remained unchanged. The ethylene glycol 
(visible by 13 C NMR at 65 ppm) was rather sharp in the pre-carbonation material and 
was broadened on carbonation. This might indicate a structural role of this compound. 
Further evidence of this will be given in chapter in Chapter 4. 
2.4.6: Summary. 
A surfactant (calixarene) and a 13C labelled co-surfactant (stearic acid) needed for the 
synthesis of the overbased detergent were synthesised. A general synthetic for an 
overbased detergent was adaptated to the calixarene case. Different TBN levels of 
calixarate were attempted (250 TBN and 400 TBN), and the 250 TBN one was chosen 
as the "model " detergent to be investigated, since it showed a satisfactory viscosity. 
The industrial synthesis procedure was then adapted with minor modifications to a 
laboratory. The two major stages of the synthesis of the detergent, neutralisation and 
carbonation, were defined and characterised. 
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The neutralisation stage follows the mixing of calcium hydroxide, surfactants and 
alcohol. Evidence of an inverse micellar structure involving calcium calixarate, 
calcium stearate and possibly calcium hydroxide was obtained from 13 C NMR and 
UV-vis spectroscopy. In addition, larger Ca(OH)2 structures were revealed by 
dynamic light scattering experiments; these are made up of a small number (71/6) of 
large particles in the 800nm to 30pm size range comprising 92% of the total volume, 
but many more medium and small particles (78-800 nm) representing 93% of the 
population in number, but only 8% by volume. 
The carbonation stage consisted of injecting carbon dioxide into the starting mixture, 
to turn the calcium hydroxide to calcium carbonate. The final detergent obtained 
appeared as a more rigid structure indicated by a broadening of the signals of 
calixarene, stearate, alcohols in 13 C NMR. This suggested that changes had also 
occurred in the structure. The only chemical change occurring during this stage was 
the conversion of calcium hydroxide into calcium carbonate. The Langmuir-trough 
measurement showed the colloidal nature of the calcium carbonate, and helped to 
determine the particle size of 8.9 mn, which is comparable to some values previously 
found. 
On carbonation, there appeared to have been a major size reduction of the calcium 
Particles from 53rim to 9nm. Such reduction in size (so in volume) must decrease the 
freedom of movement of all the compounds of the mixture (alcohols, stearate, 
calixarene). This physical change of structure was also confirmed by tile broadening 
of the signals in 13c i, 4Nm. 
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2.5 EXPERIMENTAL 
The Langmuir-trough and dynamic light scattering experiment are described in 
Chapter 3. 
2-5.1: Materials. 
The materials used for the synthesis are the following: p-tert-butylphenol 95% 
(Aldrich), formaldehyde 95% (Aldrich), a mixture of xylenes (Adibis-Lubrizol), 
stearic acid 95% (Aldrich), hexadecane 99% (Aldrich), ethylene gylcol 99% 
(Aldrich), 2-ethylhe xan-l-ol 99% (Aldrich), calcium hydroxide 95% (Aldrich), 
carbon dioxide (from dry ice), and calixarene (synthesised). 
2.5.2: Preparation ofp-tert-butylcalix[Slarene. 
In a flange flask fitted with mechanical stirrer and condenser, p-tert-butylphenol (300 
g, 2 moles), formaldehyde (96 g, 3.2 moles), xylene (1860 CM) and aqueous 
potassium hydroxide (22.4 g, 0.4 moles, in 27.6 cm 3 water) were placed. The mixture 
was then stirred and heated to 75 OC to give a yellow translucent mixture. The heating 
was then increased at the rate of ca. I OC per min. until the system had reached 95-100 
t whereupon the distillation of water began and the mixture became a deep orange 
colour. The distillation was continued until no more had been removed (ca. 2-3 h)' and 
the Mixture was then heated at 130 OC for a further 3h to give a creamy white 
precipitate. After overnight cooling the precipitate was collected by Buchner filtration 
as a white solid which was recrystallised from chloroform to give a white solid of 229 
g (yield 60%). The 1H NMR spectrum shown in Figure 2.6 gave the following 
assignments: 
1H NMR SH (300 MHz, CDC13) 1.60 (72 H, s, tert-butyl-H), 3.50 (8 H, d, methylene- 
HAý JA, A, = 20 Hz), 4.40 (8 H, d, methylene-HA,, JA,, A = 20 Hz), 7.30 (16 H, s, Ar-H), 
9.50 (8 H, br s, OH). Inpurity signals were seen at 7.13 and 7.08 ppm. GPC showed 
this material to be 74% the desired p-tert-butylcalix[8jarene with ca. 6% p-tert- 
butylcalix[8]arene. 
'The calculated weight of water expected is 54 g. Distillation yielded ca. 80 g mixed water / xylene. 
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2.5.3: Preparation ofp-tert-butylcalix[6jarene. 
In a flange flask fitted with mechanical stirrer and condenser was added the p-tert- 
butylphenol (225g, 1.5 moles), formaldehyde (90g, 3moles), xylene (1.776 CM3) and 
aqueous potassium hydroxide (75CM3 of a IOM solution, 0.75 moles). The mixture 
was then stirred and heated to 75 OC to give a yellow translucent mixture. The heating 
was then increased at the rate of ca. I OC per min. until the system had reached 95-100 
OC whereupon the distillation of water began and the mixture became a deep orange 
colour. The distillation was continued until no more came off (3 h)" and the mixture 
was then heated at 130 OC for a further 4-5 h*to give a crearny brown precipitate. After 
overnight cooling the precipitate was collected by Buchner filtration as a white solid 
which was recrystallised from chloroform to give a white-brown solid of 144.5 g 
(yield 68%). The 'H NMR spectrum gave the following assignments: 
1H NMR 8H (300 MHz, CDC13): 1.60 (54 H, s, tert-butyl-H), 3.50 (6 H, d, 
methylene-HA, JAA, = 13 Hz), 4.35 (6 H, d, methylene-HA', JA', A = 13 Hz), 7.30 (U 
H, s, Ar-H), 10.3 (4 H, br s, OH). Additional peaks are present at 1.5-2.0,2.40,7.20 
and 10.1 ppm, due to presence of unreacted materials. 
The calculated weight of water expected is 60. Distillation yielded ca. 70 g mixed water / xylene. 
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2.5.4: Synthesis of "[8111 calixarate - Procedure 1. 
A flange flask fitted with a mechanical stirrer and a condenser was filled with the 
initial charge comprising p-tert-butylcalix[8]arene (45 g, 0.276 moles), lubricating oil 
(90 g) and 2-ethylhexan-l-ol (224 g, 1.914 moles). The mixture was then stirred and 
heated up to 1300C. Then calcium hydroxide (56 g, 0.756 moles) was added. The 
reaction was held at this temperature under reduced pressure (20 mmHg) for 15 min 
and stearic acid (100g, 0.402 moles) was added. The yellow mixture was held at this 
temperature and pressure for 15 min. Ethylene glycol (36 g, 0.58g) was then added 
and the colour turned to orange. The mixture was then held under the same conditions 
for an hour while water distilled. After the distillation of water, carbon dioxide (56g, 
0.756 moles) was added (by bubbling into the mixture) at 130"c under atmospheric 
pressure. 
Instead of obtaining a fairly mobile and brown green translucent mixture, an 
unsatisfactory extremely viscous and opaque compound was obtained. 
2.5.5: Synthesis of "[81" calixarate - Procedure 2. 
A flange flask fitted with a mechanical stirrer and a condenser was filled with the 
initial charge containing the calixarene (45 g, 0.276g), the 2-ethylhexan- I -ol (117 g, I 
mole), a part of ethylene glycol (11.5 g, 0.18 moles), hexadecane (90 g, 0.40 moles), 
calcium hydroxide (56g, 0.75 moles) and stearic acid (100 g, 0.35 moles). The 
mixture (creamy yellow) was stirred and heated quickly at 901c under slight vacuum 
(20 mmHg) then full vacuum was applied (I mmHg) for 10 minutes, until no more 
water was collected. 
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After the water distillation, slight vacuum was applied and temperature of 130"C was 
reached. The remainder of ethylene glycol (58.5 g, 0.83 moles) was carefully added 
over 10 minutes. The mixture was then held under these conditions for 20 minutes. 
Then carbonation using bottled carbon dioxide and a valve bottle regulator (to 
optimize the rate of gaz delivery) was performed. Carbonation was split in three steps 
for better calcium incorporation in the mixture: 2.5 g/min over 4 min, 2g /min over 24 
min Then carbonation with solid carbon dioxide (56 & 0.75 moles) was carried out 
under a3 rnmHg vacuum. The mixture, which was brown and cloudy, turned to a 
brown green colour, and being translucent was considered successful. The mixture 
was then stripped I mmHg at 200*C to remove the solvents (ethylene glycol and 2- 
ethylhexan- I -ol). Then the product was filtered trough filteraid. 
The 13 C NMR spectrum given in Figure 2.11 was given the following assignments: 
13C NMR 8H (67.78 MHz, no NMR solvent): 11.2 ppm (CY, 2-ethylhexan-l-ol), 
14.1 (Ci, Cis, hexadecane, C18, stearate), 22.8 (C2, CI5, hexadecane), 22.9 (C3-CI7y 
stearate), 23.1 (C3-C5,2-ethylhexan-l-ol), 23.4 (C,,, 2-ethylhexan-1-ol), 29.52 
(C3, CI4, hexadecane), 29.86 (C4, CI3, hexadecane), 32-02 (C5-C12, hexadecane), 32.04 
(C16. stearate), 39.0 (C2 stearate), 42.1 
(C2,2-ethylhexan-l-ol), 63.4 (CI ethylene 
glycol), 65.4 (CI, 2-ethylhexan-l-ol), non-identified impurity (77 ppm) 125-135 (Ar, 
calixarene), 185 (CI, stearate, broadened). 
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2.5.6: Synthesis of 11[8]" calixarate - Procedure 3. 
A flange flask fitted with a mechanical stirrer and a condenser was filled with the 
initial charge containing the calixarene (4.5 g, 0.0276 moles), the 2-ethylhexan-l-ol 
(11.7 g, 0.1 moles), a part of ethylene glycol (I - 15 g, 0.0 18 moles), hexadecane (9 g, 
0.040 moles), calcium hydroxide (5.6g, 0.075 moles) and stearic acid (10 g, 0.035 
moles). The mixture (creamy yellow) was stirred and heated quickly at 90"C under 
slight vacuum (20 mmHg) then full vacuum was applied (I mmHg) for 10 minutes, 
until no more water was collebted. After the water distillation, slight vacuum was 
applied and temperature of 130*C was reached. The remainder of ethylene glycol 
(5-85 g, 0.83 moles) was carefully added over 10 minutes. The mixture was now held 
under these conditions during 20 minutes. Then carbonation 
' 
with bottled carbon 
dioxide (5.6 g, 0.075 moles) was done under a3 mmHg vacuum at a rate of 1.2g/min 
for 2.5 min. The mixture (brown, cloudy) turned to brown green translucent indicating 
it was successM. The mixture was then stripped under I mmHg at 200*C to remove 
the solvents (ethylene glycol and 2-ethylhexan-l-ol). Then the product was filtered 
trough filteraid. 
2.5.7: Synthesis of "[81" calixarate - Procedure 4. 
A flange flask fitted with a mechanical stirrer and a condenser was filled with the 
initial charge containing the calixarene (45 g, 0.276 moles), the 2-ethylhexan-l-ol 
(117 g, I mole), a part of ethylene glycol 0 1.5 g, 0.18 moles), hexadecane (90 g, 
0.040 moles), calcium hydroxide (56g, 0.75 moles) and stearic acid (114 g, 0.44 
moles). The mixture (creamy yellow) was stirred and heated quickly at 90*c under 
slight vacuum (20 inHg) then full vacuum was applied (I mmHg) for 10 minutes, 
until no more water was collected. After the water distillation, slight vacuum was 
applied and a temperature of 130'C was reached. The remainder of ethylene glycol 
(58.5 g, 0.83 moles) was carefully added over 10 minutes. 
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The mixture was now held under these conditions during 20 minutes. Then 
carbonation with iced carbon dioxide (48 g, 1.09 moles) was done under a3 mmHg 
vacuum. The mixture (brown, cloudy) turned to brown green translucent indicating it 
was successful. The mixture was then stripped under I mmHg at 20011c to remove the 
solvents (ethylene glycol and 2-ethylhexan- 1 -ol). Then the product was filtered trough 
filteraid. 
2.5.8: Procedure 5-lonisation ofp-tert-butylcalix[81arene by ButylithiunL 
A sample of lmg of calixarene was solubilised in 100 ml of TBF (7-7pM). An LJV- 
vis spectrum was then taken. Then gradual amounts of a2 molar BuLi solution 30gl 
(600 ýM), 60 pI (1200 14M), and 90 pI (1800 ýA) were added, to ensure all the 
thermodynamically ionisable sites would be deprotonated. The LJV-vis of the ionised 
calixarene showed an absorbance of 0.313 at a wavelength of 308 nm. 
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3.1: INTRODUCTION. 
In Chapter 2, the synthesis of various surfactants and co-surfactants, and the synthesis 
of a 250 TBN overbased detergent (calixarate) were reported. The pre-carbonation 
material and the final detergent were isolated, characterised and compared. As this 
synthesis involved both macroscopic and microscopic changes in structure, the 
monitoring study has two parts. 13C NMR is used to monitor the reaction at a 
molecular level, to get insights into the chemical evolution of the system. Langmuir- 
trough measurement and dynamic light scattering were used to monitor the reaction at 
a mesoscopic level. 
Molecular level: First the spectroscopic signals corresponding to the various 
chemicals used in the synthesis will be investigated, using 13C NNIR, UV-vis 
spectroscopy, FTIR and Raman spectroscopy. Priority will be given to monitoring the 
calcium carbonate, the active priliciple of the detergent, and the species synthesised by 
the carbonation process. It will be shown that the most suitable method to study it is 
13CNMR, using 13 C02. Adaptations of this method of study will be made (i. e. work 
without NMR solvent and use of other 13C labelled compounds) and a proper 
experimental routine established. Attempts will be made to follow the course of the 
carbonation reaction, using a reference to an internal standard (hexadecane) to make 
the method quantitative. All the other spectroscopic methods will be used as 
appropriate. 
Mesoscopic level: In Chapter 2, both pre-carbonation and overbased materials were 
characterised and highlighted a strong decrease of size throughout the overbasing 
process. The particle size will be monitored using two different methods: Langmuir- 
trough and dynamic light scattering. 
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The Langmuir-trough method is commonly used to measure nano-particle size for a 
micellar material only and is then ideal method to detect and monitor the small 
calcium carbonate particles produced. The dynamic light scattering, more suitable to 
the study of bigger particulates, will be used to get insights into the disappearance of 
the calcium hydroxide during its conversion into calcium carbonate. 
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3.2: RESULTS. 
In this section, the time course of the reaction is reported. 
3.2.1: Concentration Evolution during the Overbasing Reaction. 
An overbasing reaction was carried out; according to procedure 3 (see Chapter 2). 
Different samples of detergent were collected at various time of the carbonation 
process and submitted to 1H NMR spectroscopic analysis. The stoichiometry of the 
reaction is detailed in Scheme 3.1 and the amounts are in Table 3.1. 
Ca(OH)2 + C02 IBM C02 +2 H20 
Scheme 3.1. - Stoichiometry of the carbonation reaction 
Compounds MW 
grams 
Amount 
(9) 
Amount 
mmoles 
t-0 
Amount 
mmoles 
t-neutr. 
Amount 
mmoles 
t-20% 
Amount 
mmol" 
t-60% 
Amounts 
mmoles 
t-100% 
Amount 
mmoles 
Stearic acid 284.5 10 35 35 0 0 0 0 
Ca(stearatch 607 0 0 0 17.5 17.5 17.5 17.5 
p-tert-butycalixf 81ame 1298 4.5 3 3 0 0 0 -0 Ca(calixarate) 0 0 0 0 3 3 3 3 
Hexaclecane 226 9 40 40 40 40 40 40 
2-ethylbexan-l-ol 130 11.8 91 91 91 91 91 91 
Ethylene alycol-batch 1 62 1.15 19 19 19 19 19 19 
Ethylene alycol-batch 2 62 5.85 94 0 94 94 94 94 
Ca(OH)z 74 5.6 76 76 55.5 44.4 23.2 0 
H20 from neubaliation is 0 41 41 41 
C02 44 3 58 0 0 46.9 12.1 2.5 
Ca(CO)3 100 0 0 0 0 11.6 34.8 55.5 
H20 ftorn carbonation 18 0 0 -0 
0 11.6 34.8 55.5 
Table 3.1 : Evolution of the stoichiometrY of the reactants at various stages of the overbasing process. 
Percentages indicate the degree of carbonation completion. 
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Several assumptions were made: 
During the neutralisation stage, all the stearic acid (35 mmoles) and calixarene (3 
mmoles) react with calcium hydroxide (20.5 mmoles out of 76 mmoles) to form 
respectively calcium stearate (17.5 mmoles), calcium calixarate (3 mmoles) and water 
(41 mmoles). This assumes partial deprotonation of the calixarene (two sites out of 8, 
as shown in Chapter 2). Calcium strearate and calcium calixarate are assumed to 
remain stable throughout the carbonation phase. Since calcium hydroxide is in excess, 
'free' calcium hydroxide remains at this stage (55.5 mmoles). The carbon dioxide 
injection converts the remaining calcium hydroxide to calcium carbonate and water is 
produced. It is assumed that for one mole of carbon dioxide injected, reacting with 
one calcium hydroxide, one mole of calcium carbonate and water are produced. The 
IH NMR spectra are collected in Figure 3.1 and the assignments, based on comparison 
with individual components, are in Table 3.2. 
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1) 
(a) 
(b) 
(C) 
(d) 
10 a62 ppm 
(9) 
M 
CDC13 
p-tert-butylcalix[8]arene 
methvlene 
12 10 40 ppm 
(g) 
3 
Figure 3.1: 1H NMR spectra of 1) neutralized material, 2) overbased material 20% of carbonation, 3) 
fmal overbased detergent.. 
75 
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The signals visible in the Figure 3.1 were assigned as shown on Table 3.2: 
Peak 8/ ppm Assignment 
(a) 7.6 aromatic-calixarene 
(b) 3.7 CH2 of ethylene glycol 
(c) 3.5 H, of 2-ethylhexan-l-ol 
(d) 2.4 H2 of stearic acid 
(e) 1.6 Impurity9 
M 1.2-1.4 H2-Hj5 of hexadecane 
H3-H 16 of stearic acid 
H2-Hs, H', of 2-ethylhexan-1- 
01 
(g) 0.8 HI, H16 of hexadecane 
H17, His of stearic acid 
Hz, H6 of 2-ethylhexan-l-ol 
Table 3.2 : 'H NMR chemical shift assignment for the spectra shown in Figure 3.1. 
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The lH NMR study showed two major trends: 
* No significant chemical shift in 'H NMR signals during the overbasing process. 
There are two reasons: 
The major chemical event of the process, the conversion of calcium hydroxide into 
calcium carbonate, does not register in the 1H NMR spect-um. The only compounds 
monitorable are the solvents (ethylene glycol, 2-ethylhexan-l-ol, hexadecane) and the 
surfactant and co-surfactant (calixarene, stearic acid) and these showed insignificant 
changes. 
None of the potentially reactive sites of the different compounds are easily monitored 
by 1H NMR (e. g. alcoholic protons for ethylene glycol and 2-ethylhexan-l-ol, 
phenolic protons for calixarene, acidic proton for stearic acid). 
e Many of the signals are broadened and disappear: 
A broadening of the signal is generally due to a reduced mobility o. fa chemical group. 
This can be due to either a general increase of viscosity of the mixture (noticed during 
the cgbonation process) or to increased size of the molecule or supramolecular 
arrangement (slower tumbling). Broadening can also be due to complexation between 
some compounds. Stearic acid (H2), ethylene glycol (HI), 2 -ethylhexan-l-ol (HI) are 
good examples of signal broadening. 
To get more accurate information about the loss of mobility of chemicals and to 
monitor the hydroxide / carbonate conversion, a similar study using 13 C NNR will be 
carried out. 
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3.2.2: 13 C NMR Study of Overbasing Reaction containing 13 C-labeHed 
noadecanoic acid. 
An overbasing reaction was carried out according to procedure 3 and a co-surfactant 
mixture of stearic acid and 13C, labelled nonadecanoic acid in ratio 9: 1 (see 2.4.1.1). 
NMR spectra were obtained by running the neat samples at 1300C. The carbon 
dioxide was injected with a regulator to control amount. This injection was regularly 
stopped to allow collection of samples. Thus, four different samples were collected 
during the overbasing process. 
The spectrum in Figure 3.2 is that of a 'test' mixture of stearic acid, calixarene, 
hexadecane and ethylene glycol in proportions as per Table 3.1 without Ca(OH)2- 
Note that this mixture contains the equivalent of both batches of ethylene glycol. Peak 
assignments, based on comparisons with pure compounds in CDC13 are given in Table 
3.3. The signals due to 2-ethylhexan-l-ol (CI) and ethylene glycol (CH2) are close and 
of variable 8 due to their proximity to the OR The peaks were assigned by matching 
changes (see later) to changes in the unique 2-ethylhexan-l-ol (C2') peak at 11.0 ppm. 
The samples (pre-neutralisation, neutralisation, carbonation 20%, and final detergent) 
were analysed by 13 C NMR and the spectra are shown in Figures 3.2 to 3.5. 
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Starting material: Pre-carbonation material, without Ca(OH)2 
h 
Is* If* 
Figure 3.2: 13C NMR spectrum of the 'test' sample. 
The signals are assigned as follow: 
Peak 6/ ppm Assigntnent 
(a) 178 C, of stearate / nonadecanoate 
(b) 125-135 CA, of calixarene 
(c) 77 Impurity? 
(d) 66 C, of 2-ethylhexan-l-ol 
(e) 6-3 CH2 of ethylene glycol 
M 42 C2 of 2-ethylhexan- I -ol 
(g) 34 Stearic acid C2, 
(h) 21-35 C2-CIS of Hexadecane, C3-CI7 Of StOUate, 
C3-C5 and C, I of 2-ethylhexan- I -ol 
(i) 14.4 C, and C16 of hexadecane 
Cis of stearate, C6 of 2-ethylhexan-l-ol 
6) 
1 
11 C2'of 2-ethylhexan-l-ol 
Table 3.3 : "C NMR chernical shift assigmnent for the spectra shown on Figure 3.2 to. 3.5. 
opm 
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Neutralisation stage 
At the beginning of the neutralisation stage all the compounds (except the carbon 
dioxide and the second batch of ethylene glycol) were mixed together (mechanical 
1 2(6 Ido tdo I 5b Ppm 
Figure 33 : 13 C NMR spectrum of the neutralisation sample. 
The 13 C NMR of the reaction at this stage (Figure 3.3) shows that the carboxylic 
signal is now slightly broadened and its chemical shift is 185 ppm shifted from 178 
ppm. The rest of the spectrum is similar to the 'test' mixture although some of the 
signals in the 25-40 ppm region have become separated from the others. The aromatic 
signal of the calixarene is also clearly still visible (130-150 ppm). Note that the 
ethylene glycol signal (e) is small, because the second batch has yet to be added. The 
C2 of the stearic acid appears to have shifted to 39 pprn (g). 
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Beginning of carbonation reaction (20% of carbonation) 
For carbonation, the carbon dioxide is added under a constant flowrate (1.2g/min) 
under slight vacuum to remove the water produced. After 10 seconds, the mixture 
became translucent, which can be taken as a formation of micellar calcium carbonate. 
Figure 3.4 shows the spectrum after 30s (ca. 201/o) carbonation. 
h 
290 Is* too so PON 
Figure 3.4: 13 C NMR spectrum of the 30s carbonated material sample. 
The carboxylic group C, signal is now extremely broadened but its chemical shift 
remains at 185 ppm. Some broadening is seen for the various CH2 signals (25-35 
ppm), but the terminal CH3 signals at 14 ppm, remain fairly sharp. The aromatic signal 
of the calixarene is also now extremely broadened, but there are no changes for the 
chemical shift. 2-ethylhexan-I -ol (CI at 65 PPIni C2, at I Ippm) has almost been lost. It 
might be argued that extreme broadening (eg. if 'bound') of the 2-ethylhexan-l-ol 
(Ci) at 65 ppm might give the appearance of loss of ethythexanol, but this is unlikely 
to explain the decrease of intensity in the C2' terminal CH3 at II ppm. The signal due 
to ethylene glycol remains but is broadened. Note that the impurity peak (c), 
(Presumably in the hexadecane) remains sharp. 
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End of carbonation reaction 
At the end of the carbonation the remaining ethylene glycol and 2-ethylhexan- I -ol are 
removed to keep the overbased detergent stable. The spectrum on Figure 3.5 shows 
. .... . ....... . 
Figure IS: 13 C NMR spectrum of the ffial overbased detergent sample. 
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Summary 
This study confirmed the results obtained by 'H NMR, but gave a much more detailed 
picture of the process. 
* Surfactant and co-surfactant 
The 13 C NMR of the stearic acid carboxylic group signal shifted from 179 to 185 ppm 
during the neutralisation. No further shift was noticed during the carbonation, but the 
signal broadened considerably, indicating further immobilisation of the acid in the 
micellar structure. This physical change was also noticed in the case of many other 
signals. The aromatic ring signal broadened during the carbonation, but no obvious 
chemical shift was apparent. 
* Alcohols 
The two alcohols did not behave the same way during the neutralisation and 
carbonation process. The ethylene glycol peak broadened significantly while the 2- 
ethylhexan-l-ol one disappeared. This suggested that the ethylene glycol was more 
incorporated into the core than 2-ethylhexan- I -ol (which probably only acted as a co- 
solvent, but not a co-surfactant). Further experiments were carried out to investigate 
the role of the glycol in Chapter 3. 
e Calcium hydroxide / Calcium carbonate 
No signals corresponding to this conversion were obtained at this natural level of 13C 
carbon dioxide enrichment. The only indications of this chemical reaction were the 
water produced during the carbonation stage and the broadening of most of the other 
signals, reflecting physical changes. No carbonate signal was visible using non- 
enriched carbon dioxide. 
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3.2-3: Fourier Transform Infra-Red Spectroscopy. 
In order to get insights into the changes taking place in the organic component, FTIR 
spectroscopy was used. Infra-red refers to the part of the electromagnetic spectrum 
between the visible and the microwave region (4000-625 cm") and can be suitable to 
monitor calcium carbonate. 67 Infra-red radiation is absorbed by the molecular 
vibration of organic and inorganic bonds. The frequency or wavelength of absorption 
depends of the relative masses of the atoms, the force constants of the bonds, and the 
geometry of the atoms. Absorption band positions in IR spectra are presented in wave 
numbers, whose unit is proportional to the energy of vibration. Band intensities are 
expressed either as transmittance (T) or absorbance (A). Transmittance is the ratio of 
the radiant power transmitted by a sample to the radiant power incident on the sample. 
Absorbance is the logarithm to the base 10, of the reciprocal of the transmittance. 
Organic chemists usually report intensity in semi-quantitative terms (s--strong, 
m=medium, w--weak). There are two types of molecular vibrations : stretching 
(variation of the interatomic distance along the bond axis) and bending (change in a 
bond angle). The FTIR provides some useful information about the functional 
composition of the molecule and works as follow: An interferometer works by 
emitting a beam of light (from a filament), splitting it in two (using a beamsplitter, a 
fixed and moveable mirror), and making one beam travel a different distance from the 
other (optical path). The beams are then recombined before interacting with the 
sample and striking a detector. The signal obtained is the Fourier transformed by a 
computer to give the FTIR spectrum. 
An FTIR study of calixarate overbased detergents was carried out using a Perkin 
Elmer system 2000. The samples were prepared as neat sample using KBr. In Figure 
3.6 to 3.8 are shown the FTIR spectra of the neutralised, partially carbonated and fully 
carbonated systems, respectively. 
84 
Chapter three: Monitoring the Overbasing Reaction 
Neutralised material 
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Figure 3.6: FTIR spectnun of neutrafised material. Stage B 
The band at 3317 cm" seen in Figure 3.6 of the neutralised material characterises the 
O-H stretching of an alcohol, and highlights the presence at this stage (see procedure 2 
Chapter 2) of ethylene glycol and 2-ethylhexan-l-ol (resp 3352 cm" and 3338 cm"). 
The two strong bands at 2917 cm-1 and 2849 crn" can be related to the C-H stretching 
of organic molecules. The band at 1581 cm-1 corresponds to the carboxylate stretching 
of calcium stearate but no C=O stretching of stearic acid is visible around 1700 cm". 
This is further evidence of the complete neutralisation of stearic acid by calcium 
hydroxide. 
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Beginning of carbonation (20% of completion) 
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Figure 3.7: FTIR spectrum of mixture during carbonation process (20% of completion) 
End of the carbonation 
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Figure 3.8: FTIR spectrm of final overbased calixarate sample stage G. 
The large band at 3218 em" may be from the O-H stretching of a phenol group, 
indicating some phenolic sites of the calixarene remain protonated but may also 
indicate residual ehtylene glycol or water. The two strong bands at 2917 cm-1 and 
2849 cm-' can be related to the C-H stretching of hexadecane and stearic acid. 
86 
M 2um IM lwo «ing 
3DW 2000 1300 1000 
I 
Chapter 3: Monitoring the Overbasing Reaction 
The C03 2- bands are seen at 1420-1450 cm"'. The presence of the C-0 rocking of the 
carbonate is noticeable at 867 cm-1. The spectrum of the 20% carbonated material is 
intermediate between the other two. 
Summary 
The FTIR gave evidence of complete neutralisation of the stearate and of the presence 
of calcium carbonate peaks at 1420-1450 cm" and 867 cm") in the final overbased 
calixarate detergent. No signal is visible in the 1600-2200 cm-1 region which indicates 
that 'organic carbonate'. such as diphenyl carbonate and diethyl carbonate, (C=O 
stretching at 1800 cm") are not present in the sample. 
3.2.4: Use of 13 C02- 
Normal 13 C NMR monitoring did not detect CaC03, presumably the signals were too 
weak, so a new set of experiments was designed using 13C enriched C02, With 
monitoring by 13 C NMR at time intervals. The samples appear to have properties of 
both solids and liquids, so liquid and MAS solid state NMR techniques were used. 
3.2.4.1: Method. 
Procedure 3 was used and, for clarity, the stoichiometry and breakdown of stages are 
repeated in Table 3.4. In order to establish an "amount versus time" plot for the 
compounds it is necessary to integrate the NMR peaks. However, the intensity of a 
13 C NMR peak depends on the nature of the carbon atom since these give rise to 
variable and long relaxation times (compared to 1H). The only way to establish even a 
semi-quantitative relationship between successive samples is to compare intensities or 
integrals by an internal reference, known to be invariant, and to ensure that the 
acquisition time exceeds the relaxation time of the peak in question. Therefore, each 
peak integral was divided by an internal reference integral peak. The internal 
reference is the peak whose chemical shift is about 14.4 ppm. It corresponds to both 
hexadecane (Cl. C16) and 2-ethylhexan-l-ol (Q) signals. This peak was chosen 
because these compounds are solvents and less subject to any chemical or physical 
change, due to low reactivity and low volatility. 
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The presence of 2-ethylhexan- I -ol can be checked' throughout the reaction in Figures 
3.9 to 3.19 (peak d, f, and j). The stoichiometry of the reaction is detailed in Table 3.4 
and the corresponding procedure shown in Table 3.5. 
Compounds MW 
grams 
Amount 
(9) 
Amount 
mmoles 
t-0 
Amount 
mmoies 
t-neutr. 
Amount 
mmoles 
t-20% 
Antount 
mmoles 
t-60% 
Amounts 
mmoles 
t-100% 
Amount 
mmoles 
Stearic acid 284.5 10 35 35 0 0 0 0 
Ca(stearate)2 607 0 0 0 17.5 17.5 17.5 17.5 
p-terY-butycalix[glarene 1298 4.5 13 3 0 0 0 0 
Ca(caxarate) 0 0 0 0 3 3 3 3 
Hexadecane 226 9 40 40 40 40 40 40 
2-etbylhexan-l-ol 130 11.8 91 91 91 91 91 91 
Ethylene glycol-batch 1 62 1.15 19 19 19 19 19 19 
Ethylene glycol-batch 2 62 5.85 94 0 94 94 94 94 
Ca(OH)2 74 5.6 76 76 55.5 44.4 23.2 0 
H20 from neutraliation 18 41 41 - 
41 
C02 44 3 58 0 0 12.1 25 
ca(co)3 
1 
100 0 0 0 0 34.8 
f5 5 
HýO from carbonation 18 0 0 0 11.6 34.8 1 
Table 3.4 : Evolution of the stoechiometry of the components at various stages of the overbasing 
process. 
The procedure 3 is divided into different stages: 
A) 0-20 min. Heating of the calixarene, hexadecane, 2-ethyl hexanol, stearic acid, 
mixture along with the first part of ethylene glycol, and all the calcium hydroxide 
from 25 to 90 OC at slightly reduced pressure (typically 736 mn-LHg). 
B) 20-30 min. Removal of water at go OC under moderate vacuum (typically 25 
mm. Hg). 
30-40 min. Reduction of vacuum (typically to ca 736 mmHg) and increase of 
temperature to 130 OC. 
D) 40-50 min. Addition of the second portion of ethylene glycol over 10 min while 
maintaining the temperature at 130 OC. 
E) 50-70 min. Heating at slightly reduced pressure (ca 736 mmHg) and at 130 'C for 
20 min. 
F) 70-72.5 min. Addition of C02 at same pressure and temperature. 
G) After 72.5 min. Either cooling to 25 OC for analysis or increase Temperature to ca. 
200 OC under pressure ca. 25 mmHg to remove the solvents during 30 min. 
Table 3-5: Calixarate overbased detergent synthesis procedure 3. 
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3.2.4.2: Results 
Standard and Solid State 
13 C NMR study using 
13 C02- 
In Chapter 2 it was shown that the best way to study calixarate overbased detergent by 
liquid state NMR is to run spectra at high temperature (1300C). This corresponds to 
the temperature of synthesis of the detergent (carbonation) which is then in a liquid 
state. It is also best to avoid working with an NMR solvent (e. g. CDC13) which might 
disrupt the calcium hydroxide/carbonate micellar structure. The solid state NMR was 
run at ambient or low temperature (263 K). 
1,5,10,30,60 and 150s smnples corresponding to delivery of <1,7,20,40 and 100% 
of the C02 were analysed by 13 C NMR and the spectra are given in the section 13C 
NMR liquid state / MAS solid state spectra, Figures 3.9 to 3.19. The NMR liquid state 
/ MAS Solid state parameters are shown in appendix I 
Peaks are assigned as in Chapter 2 and listed in Table 3.6. The labels from Chapter 2 
and earlier have been preserved here (e. g. (a) for C1 of stearate), but it is clear that 
additional peaks are evident, particularly those in the carbonate region, labelled 
(x), (y), and (z). However, the I impurity' peak (c) is absent. 
Peak ppm Assignment 
(a) 178 C, of stearate / nonadecanoate 
(b) 125-135 CA, of calixarene 
(c) 77 Impurity? 
(d) 66 C, of 2-ethyUicxan- I -ol 
(e) 63 CH2 of ethylene glycol 
M 42 C2 of 2-ethylhexan- I -ol 
(g) 34 Stearic acid 2 
(h) 21-35 C2-C IS of Hexadecane, C3-CI7 of stearate, 
C3-Cs and C I' of 2-ethylhexan- I -ol 
(i) 14.4 CI and C16 of hexadecane 
Cis of stearate, CS of 2-ethylhexan-l-ol 
1 
6) 
- 
11 
LiL-- I 
C2'of 2-ethythexan-l-ol I 
Table 3.6: 13C NNM chernical shift assigntnent of spectra shown in Figures 3.9 to 3.19. 
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NMR spectra of samples corresponding to time of carbonation 1,5,10,40,60 and 
150 seconds are shown on Figures 3.9 to 3.19. 
The Is spectrum can be assumed to be that of the neutralised material and is very 
similar to an earlier sample (Figure 3.3) except that this spectrum (Figure 3-9) shows 
additional ethylene glycol due to addition of the second batch later in the 
neutralisation process. The impurity peak (c) seen earlier is not present here. The 5s 
spectrum shows two relatively sharp signals in the carbonate region at 167 and 169 
ppm, but only a trace of a signal in the MAS solid state NMR. 
This trend is continued in the I Os spectrum, but a further 'carbonate' peak has now 
arisen, this last one accompanied by a strong MAS SS peak. " 
The 30-s spectrum shows little further change in peaks (x) and (y), but dramatic 
growth of the 'new peak' (z). Further spectra at 60 and 150 s also shows little further 
change in peaks (x) and (y), but a broadening (with little increase in height) for peak 
(z). In addition, the liquid phase NMR shows some broadening of the ethylene glycol 
signal (peak (e)). This continues until carbonation is complete after 150 s. In 
summary, carbonation leads to formation of 2 peaks ((x) and (y)) in the carbonate 
region during the first 3-7% of the reaction. After this initial period, these two peaks 
do not appear to increase significantly, but a third peak arises (peak(z)) and continues 
to increase or broaden to become the main peak. 
As explained earlier, integration of the peaks (using the peak at 14 ppm as reference) 
was carried out to give a semi-quantitative indication of reaction progress. Plots for 
selected carbons are shown in section 'integration of peaks' in Figure 3.20-3.23. 
" The two 'higher S' carbonate signals are quite strong at 5 s, but the MAS SS carbonate signal is very 
weak. In the 10 s spectrum the 'higher S' signals have increased only slightly, yet the MAS SS signal 
has increased substantially. The 5- 10 s change, however, also includes the rise of the third 'carbonate 
peak' at 'lower 8'. All this suggests that the MAS SS signal is predominantly due to the 'lower 8' peak 
although for the next change 1-30 s, the MAS SS increase does not quite match the solution increase 
for this peak. 
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13 C NMR liquid state / MAS Solid state spectra 
.1 .11. J. II.. J. ,, 
Il. -IZ ow 14 -A II= 
FIgure 3.9 : 13 C NMR specmun Is carbonated sample. 
Solid state NMR 
Figure 3.10 : 13C WR solid state of Is carbonated sample. 
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Time of carbonation Ss 
SoHd state NMR 
]Figure 3.12: 13 C NMR solid state of Ss carbonated sample. 
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60 40 PPIA Figure 3.11 : UC NMR spectrurn of Ss carbonated sample. (*) carbonate . 
49 40 de 10 ppig 
Chapter 3: Monitoring the Overbasing Reaction 
Time of carbonation 10 s 
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]FIgure 3.13: 13 C NMR specmun of 10s caxbonated sample. (*) carbonate 
Figure 3.14: 13C NN4R solid state of 10s carbonated sample. 
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Time of carbonation 30 s 
Figure 3.15: '-C NMR spectrum of 30s carbonated sample. (*) carbonate . 
SoUd state NMR 
Figure 3.16: 13 C NMR solid state of 30s carbonated sample. 
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Time of carbonation 60 s 
Figure 3.17: 13 C NMR spectrum of 60s carbonated sample. (*) carbonate. 
PPM 
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Complete carbonation 
yz 
Figure 3.18: 13C NMR spectmm of fiffly carbonated sample (*) carbonate. 
SoHd state NMR 
Figure 3.19: 13C NMR solid state of the final calixarate overbased detergent 
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3.2.4.3 13CNMR Peak Integration 
For each compound the integrated peak area is divided by the integrated peak area of 
the internal reference peak (14.4 ppm) to obtain a relative intensity. This calculation 
was repeated for the following time of carbonation (1 s, 5 s, 10 s, 30 s, 60 s). A rough 
estimation of the relative intensity of the signal can then be plotted versus time, this 
relative intensity can then be used to relate to the amount of compound present in the 
mixture at these various times. This enables any significant changes in the 
concentration of each species to be quantitatively monitored. The short reaction time 
and the relative inaccuracy of the quantification method explain some fluctuations of 
the time courses visible during carbonation on Figures 3.20 to 3.23. 
Calcium carbonate 
The calcium carbonate is the principal active in the detergent and also the only new 
chemical species created during the synthesis of the detergent. It was therefore 
important to follow of its growth, which was done using 13 C02. The monitoring by 
13 C NMR showed an increase of the C02-produced with time (signals x, y, and z seen 
on Figures 3.11 to 3.18). The carbon dioxide injection flow was kept constant at 1.2g 
min-' during the carbonation process. Unfortunately, it is impossible to analyse the 
profile of the curve for any specific rate, due to relative inaccuracy of the method. 
Further experiments will be described in Chapter 4 to establish whether the 
carbonation process is under flow rate or chemical reaction control. Figure 3.20 shows 
the peak x, Y, and z increase with time. 
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Figure 3.20: Time course of calcium carbonate evolution during carbonation. 
Surfactant and co-surfactant 
The stearic acid molecule has two key signatures in the NMR spectrum, (a) the 
carboxYlic group (interacting with the calcium), and (b) the long alkyl. The 
environments of these two parts of the molecule are quite different. The carboxylic 
group is at, or even embedded within, the inorganic core while the alkyl chains are in 
a predominantly hI ydrophobic medium. Due to the overlapping of the signals from the 
other long alkyl carbon signals (hexadecane and 2-ethylhexanol), the only alkyl 
carbon atom monitorable is the C2 at 34 ppm (see appendix 2 for attribution of carbon 
atom numbers). However, Figure 3.21 shows an approximately constant concentration 
for both parts for the molecule during the carbonation process. This result was 
expected, because the carboxylic group (bound to the core) is unlikely to be subject to 
any kind of chemical reaction (decarboxylation) and disappear. Concerning the alkyl 
chain, due its low reactivity, no changes were expected. 
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Figure 3.21: Time course of stearic acid (CI and C2 ) evolution during carbonation.. 
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The aromatic ring (peak (b) at 125-135 ppm) of the calixarene (whose variation is 
shown on Figure 3.22) presents a fairly constant concentration over time, which was 
also expected. 
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Figure 3.22: Time course of calixarene evolution during carbonation. 
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Alcohols 
The two alcohols, ethylene glycol and 2-ethylhexan-l-ol are polar molecules in a 
hydrophobic medium and probably serve as emulsifiers in the synthesis. The 13C 
NMR showed that the ethylene glycol seemed to be more involved in the final 
structure than the 2-ethylhexan- I -ol as its signal became noticeably broadened, Figure 
3.23 shows that the time course corresponding to the alcoholic protons (ethylene 
glycol + 2-cthylhexan-l-ol) was almost constant. It was not possible to separately 
integrate these two signals, so they had to be treated as one. If the time course of the 
sum of the signals is constant, then it is likely that separate concentrations are 
constant also. The ethylene glycol does not seem to react with anything, but seems to 
stay at the same concentration (and same chemical shift) during the carbonation 
process. No major changes were found in the integrated area of the alkyl part of the 2- 
ethylhexan-l-ol, (CO-42 PPM9 C'2(g)-Il ppm)), as expected. 
2.5 
2 
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0 20 40 so 
Time of carbonation 
C-OH of ethylene glycol 
and 2-9thylhexan-1-ol 
--D-2 othythexan-l-ol C2 
2athylhexan-l-oIC2 
Figure 3.23: Time course of ethylene glycol +2 ethylhexan- I -ol evolution during carbonation.. 
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3.2.5: Raman Spectroscopy Study. 
3.2.5.1: Description. 
Raman spectroscopy is complementary as a method to FTIR spectroscopy to study the 
vibrational behaviour of molecules and can be useful to determine the nature of 
68 
calcium carbonate specie. When a beam of light is passed trough a transparent 
substance, a small amount of radiation energy is scattered. The scattered energy will 
consist in radiation of the incident frequency (Raleigh bands), but also of frequency 
above and below the later (Raman bands, respectively anti-Stokes and Stokes). When 
a molecule vibrates, a change in polarisability occurs with time. The corresponding 
vibrational modes Will then resonate with electromagnetic radiation and produce an 
absorption band. Many modes inducing a change in polarisability will also generate 
Raman bands, as explained in the following selection rules: "Only centrosymmetric 
modes give Raman bands in centrosymmetric molecules. Both IR and Raman modes 
occur in non centrosymmetric molecules. " 
Radiations scattered with a frequency lower than The Raman Bands occur even if 
there is no dipole change with time of a particular mode, unlike IR. 
The samples were run on a Perkin Elmer 2000 FT-Raman system, using a 2W 
continuous -wave Nd: YAG laser operating at 1064 mn. In a Raman spectrometer, the 
laser beam is a passed through a cell, the light scattered sideways (Raman bands) is 
collected by a lens and passed into a monochromator. The signal measured by a 
photomultiplier and is processed after amplification by a computer that plots the 
Raman spectrum. 
3.2.5.2: Results. 
Another set of overbased detergent samples obtained by procedure 2 was studied by 
Raman spectroscopy and run on the spectrometer as powders. The Raman spectra of 
these samples are shown in Figure 3.24. For comparison, the Raman spectrum of 
calcite is also shown on Figure 3.24. Calcium carbonate has a strong band at 1090 cm- 
1 (aragonite), 1086 cm" (dolomite-) or 1096 cm" (calcite). 60 61 In the case of the 
overbased material of Figure 3.24, the calcium carbonate signal occurs at 1080 cm" 
and is extremely broad compared to the calcite sample. 
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Despite its weakness, an increase of intensity can be seen during the carbonation 
process and therefore Raman does prove to be quite useful for monitoring the 
reaction. The broadness of the signal indicates a wide particle size distribution. An 
overcarbonated material (containing some crystalline material) shows a better signal 
definition at 1080 cm-1. 
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Figure 3.24: Ranian spectra of overbased mixture at different times of carbonation (t=Os, 10s, 60s, 
120s, overcarbonation, along with a spectrum Of calcite. 
The Raman technique therefore offers a novel analysis tool for the course of the 
reaction. Not only can it identify the presence of CaC03 but also can give some 
indications on the crystal morphology (calcite, aragonite, dolomite) and if the reaction 
has been overcarbonated. 
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3-2-6: Langmuir-Trough Measurement. 
The aim of this work was to monitor the size evolution of the calcium carbonate 
particles during the overbasing process. The Langmuir-trough experiment was used to 
determine the particle sizes of seven samples of precipitated calixarate overbased 
detergent. The preparation of calixarate overbased detergent (procedure 7) is 
described in the experimental section 
3.2.6 1: Evolution of Close Packing Area with Time. 
For each sample the inflexion point of the rl-A (Figure 3.25) curve was determined 
and the value of the area of close packing was plotted as a function of time (Figure 
3.26). 
60- 
Surface 50-S 
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mN/m 40- 
30- 
20- 
10- 
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- 
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Figure 3.25: rl-A curve of calixarate spread from toluene onto air-water surface. 
All the samples showed the same critical pressure at close packed area of 7-8 mN/m; 
only the value for the area varied. 
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Figure 3.26: Close packing area of calixarate during the carbonation process procedure 7. 
The close packing area measured for each sample increases during the carbonation 
process. This increase of close packing area occurs with the calcium hydroxide 
conversion into calcium carbonate and reflects a decrease in particle size. 
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3.2.6 2: Evolution ofParticle Diameter with Time. 
The results of these experiments are given in Table 3.7 and the variation of the 
diameter with time in Figure 3.27. The particle diameter was calculated according to 
the following equation (see Chapter 2): 
2R = 1.654w vp, /(I 0OAhp, ) 
Ah is the trough area (M2/Mg) of sample occupied by the particles when hexagonally 
close packed, v (Ai) is the volume of solution spread, w the percentage in weight of 
the sample in solution, pp (g cnf) the density of the particles, p, (g crn7l) the density of 
the solvent. 
Sample 1 min 3 min 7 min 10 min 15 min 20 min 30 min 
% C02 delivered 3.1 9.3 21.7 31 46.5 62 93 
Ps /g CRO 0.867 0.867 0.867 0.867 0.867 0.867 0.867 
PP /g CH14 1.035 1.035 1.035 1.035 1.035 1.035 1.035 
V/W 60 40 40 20 15 10 10 
IT mN/m 7 7 7 7 7 7 7 
Ab / M2 /Mg 0.03 0.068 0.13 0.13 0.16 1 0.23 1 0.18 
cr / nm 53.3 23.5 12.3 12.3 10 1 6.94-T 8.9 
Table 3.7: Experimentally determined parameters for overbased reaction Langmuir-trough study. 
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Figure 3.27: Evolution of the particle sizes in the material during the carbonation process. 
At the beginning of the carbonation (after I minute, which corresponds to 4% of 
carbonation), the material is mostly composed of calcium hydroxide. The average 
particle size at this stage shows a diameter of 53.3 run. This value is lower than the 
value found by Dynamic Light Scattering (78 mn, Chapter 2). By the end of the 
reaction (25 min sample, 90% of completion) a calixarate particle diameter of 8.9 nm 
was obtained. Of great interest is the fact that the diameter is close to its final value 
after about 7 min, or 23 % of carbonation. 
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3.2.6.3: Estimation of the Number of Particles in Samples. 
An estimation of the number of particles in the I min sample (4% of conversion) and 
the 25 min sample (90 %) can be made. As an approximation, it will be assumed for 
the calculation the I min sample contains mostly calcium hydroxide, while the 25 min 
sample contains mostly calcium carbonate. It is reasonably certain that the calixarate 
overbased detergent particle has a reverse micellar structure with an inorganic core 
interacting with the polar heads of surfactant (see Figure 3.28). This core is 
surrounded by a shell formed by the alkyl tails of the surfactant. 
Outer organic shell 
(surfactant alkvl tails) 
Calcium hydroxide 
Calcium carbonate 
Inner organic shell 
(polar heads of surfactant) 
Figure 3.28: Reverse micellar structure. 
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Since the synthesis involves a surfactant (p-tert-butylcalix[8]arene) and a co- 
surfactant (stearic acid), the particle core (hydroxide or carbonate) size can be 
calculated assuming it is surrounded by a calixarate / stearate shell. Previous work 
gave an average estimated organic shell radius of 1.5 mn for a phenate/stearate system 
and a similar radius for calixarate one, based on computer species-resolved density 
distributions 
." The value of 1.5 nm was then chosen for this work. 
Calcium hydroxide 
The 1 min sample is mainly composed-of calcium hydroxide and showed an average 
particle size of 53.3 rim. After subtracting the organic shell width (3 nm), the diameter 
of the hydroxide core is 50.3 rim., corresponding to a core volume (Vch) of 6.66x 10'20 
dM3' assuming spherical particles. The molar volume of a calcium hydroxide 
molecule (Vnh) is 0.0352 dM3 mol"'. 69 Therefore, the number of calcium hydroxide 
molecules in the particle, nh, can be obtained by calculating the following ratio: 
nh =V'b x N,, Vaih 
which gives a number of 1.14 X 106 molecules of calcium hydroxide in the neutralized 
material core of a single particle. 
Calcium carbonate 
It can be assumed that the 25 min sample is mainly composed of calcium carbonate 
particles with an average particle diameter of 8.9 nm. After subtracting the organic 
shell width (3 nm), the diameter of the carbonate is 5.9 nm, corresponding to a core 
volume (Vcc) of 1.075x 10-22 dM3 , again on assuming that the particles are 
monodisperse and spherical. The molar volume of a calcium carbonate molecule 
(Vrnj is 0.0369 dM3 / mol. 62 The number of calcium carbonate molecules in the 
particle, n,, can be obtained by calculating the following ratio, 
V-c 
x Na V. 
which gives a value of 1754 molecules of calcium carbonate per particle. 
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3.2.64: Surface Coverage Calculation 
An attempt to calculate the percentage of surface coverage has been carried out. The 
volume of any given particle (Vp, in m3) and the surface area (Sp, in M2) were 
calculated from the radii obtained from the Langrnuir trough measurement, at 
different times of carbonation. The core density (dp, in moles. m) of the particles 
containing calcium hydroxide and calcium carbonate was averaged using the densities 
of calcium carbonate (27100 moles. M-3) and calcium hydroxide (30270 moles. m'3), 
according to the percentage of both compounds. The averaged number of calcium salt 
molecules per core (hydroxide and carbonate), n, +h was then estimated as follow: 
n.. b =d, x Vp x Na 
The number n, of Ca(stearate)2 and Ca(calixarate) n,,. l (ionised calixarene) per calcium 
atom, were calculated from the reaction stoichiometry (procedure 2). The following 
values were found: 
n. = 0.315 per calcium atom 
nc, i= 0.0540 per calcium atom 
The corresponding number of Ca(stearate)2 and Ca(calixarate) per core (resp. n.. and 
ncalcore) are then calculated as follow: 
n.. = n. x nc+h n.. k. =n cal x n,, h 
Using the stearic acid and calixarate head area values (S. t,. ý=2.5.10'19 m2 and Sr, j 
=3.00.10-18M2 ), the total surface area per core that monolayer heads of stearate (S', t .. ) 
and calixarate (S',, I) can cover is then calculated. 
sl 
stear : ý-- 
Sstear xn $core 
so 
cal ` 
Scal xn calcore 
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These values were compared to the surface of the core S,,,. An estimate of the 
percentage coverage was obtained as follow: 
%Coverage =(S"+S'-'J Scott 
The percentage coverage values are summarised in Table 3.8, for samples collected 
during the overbasing process, corresponding to 3% and 90% of carbonation. 
Extrapolated values corresponding to 100% carbonation are also shown. Calculations 
show that there is more than enough surfactant to cover the particles of calcium 
hydroxide and carbonate from the beginning (%Coverage = 4392%) until the end of 
the carbonation (%Coverage = 522%). This -suggests the presence of empty surfactant 
micelles or non-spherical micelles. These calculations do not take in account the 
presence of large aggregates for the Ca(OH)2 samples seen by Dynamic Light 
scattering. However, due to their smaller surface area, the large aggregates would 
require less surfactant than the nanoparticles, and the hypothesis of an excess of 
surfactant would still is valid, particularly for the highly carbonated samples. 
TO-mPittlon -particle corevolume coresurface core density core molecules a steVate 
per core 
n cslixlcore % 
Cove 
a nW- V, M, - -S. M, d. molým no ngg" n. I.. 
3% 53,3 7,10E-23 8,29E-15 26646,77 1,14E+06 7,18E+05 6,15E+04 4392% 
90% 8,9 1,78E-25 1,53E-16 28351,11 3,04E+03 1,91E+03 1,64E+02 635% 
1 7,9 1 1,13E-25 1 1,13E-16 27100,271 1,8W-1-03 1 1,16E+03 1 9,97E+01 1 522% 
Table 3-7: %Coverage calculation 
3-2.6.5: Discwsion. 
The number of molecules found in the core of the calcium hydroxide particle 
constitutes a very large particle, which is consistent with some other data found in the 
literature (diameter 120-130 wn). 63 The number of calcium carbonate molecules 
found for the final calixarate overbased detergent seems to be much higher than found 
in previous works showed on calixarates. 21 
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Generally, the diameter of overbased detergent particles is found in a range of 1- 8 
mn. The value here is then consistent with this upper limit. A Langmuir-trough / 
SANS study undertaken on sulphonat e overbased detergents gave a diameter of 8 and 
6 IIM. 17 Some computer modelling also gave a value of 8 nm for the diameter of 
sulfonate overbased detergent particles involving stearic acid as a co-surfactant. 15 An 
analogous study carried out on phenate overbased. detergents gave values of 2.49, 
2.95, and 3.15 nm for 150,250 and 350 TBN materials. 18 
An experimental study (procedure (b)) concerning the measurement of calixarate 
overbased detergent particle size gave values of 3.38 (150 TBN) and 3.56 (350 TBN)- 
15 It must be pointed out that this work, using also the Langmuir-trough method, did 
not involve the presence of stearic acid as co-surfactant, and the surfactant used was 
p-dodecylcalix[6]arene instead of p-tert-butylcalix[8]arene. Calcium acetate was also 
used in the synthesis as a catalyst, which was not present in the procedure in this 
thesis. The Table 3.8 surnmarises the differences between the two procedures. 
compound Procedure 3 
moles 
(bI Other study 
moles 
P-tert-butylcalix-8-arene 0.0276 
7-dodecyl-Icalix-6-arene 0.013 
7-dodecyl-phenol 0.034 
, ubricant oil 0.255 
hexadecane 0.04 
2-ethylhexan- 1-01 0.91 1.707 
Mono-ethylene glycol 0.677 
ethylene glycol 0.13 
stearic acid 
- - - 
0.035 
Eii cium acetate 0.038 
Ca(OH)2 0.075 1.405 
L2ýýý 0.056 2.091 
Table IS: Amount used in the calixarate overbased detergent synthesis. (a) Calixarate overbased 
detergent with stearic: acid (this thesis), procedure 3. (b) Previous work without stearic acid. 18 
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As shown in a previous study on phenate and sulphonate overbased detergents, some 
variations in the experimental conditions can lead to slightly different results for the 
same sample. The differences in the values can then be explained by the normal 
variability of this procedure. 
The close packing area (Figure 3.26) reflects the number and the size of the particles. 
A given weight of material as a small number of large particles will show- a smaller 
close packing area than as a high number of small particles. The fact the close packing 
area increases with calcium carbonate concentration presents strong evidence that the 
material breaks up to smaller particles as the carbonation proceed. The profile of the 
decrease of the particle size (Figure 3.27) shows that the particle diameter drops by a 
factor of ca. 6 during the first seven minutes (23% of completion) of the carbonation 
process and then decreases slowly from 12.3 rim to 8.9 rim until completion. The 
beginning of the carbonation appears then to be crucial since a drastic physical and 
structural change happens soon after initial formation of calcium carbonate. 
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3-2-7: Dynamic Light Scattering. 
3.2.7.1 Introduction 
Dynamic light scattering, DLS was chosen to get more information on the larger 
particles (calcium hydroxide), in the particle distribution. Even if the sample studied 
contained a mixture of calcium hydroxide and calcium carbonate, the calcium 
carbonate particles being in the nin range, will not register in the DLS profile. 
3.2.7.2: Results and Discussion. 
Several samples (synthesised using procedure 7) taken across the whole overbasing 
time-span were analysed after precipitation. Sample I corresponds to the Pre- 
carbonation stage (0 min of carbonation) and contains mostly calcium (hydroxide, 
solubilised by calcium stearate and calixarate). Samples 2 and 3 correspond 
respectively to the beginning (I min) and the end (25 min) of the carbonation, and 
contain now four salts of calcium hydroxide, stearate, calixarate and carbonate in 
various proportions (Table 3.9). 
The arnounts were calculated as follows. The injection flowrate (0.4 g per minute) of 
carbon dioxide and the sample collection time were known. It was assumed that the 
transformation of calcium hydroxide into calcium carbonate was instantaneous, and 
that the calcium stearate and calixarate were thermodynamically stable. So, each time 
a sample was collected from the mixture, it was assumed that no ftuther reactions 
were taking place in the collection tube. The amounts of the components could be 
calculated knowing the stoichiometry of the reaction. The amount of each calcium 
component near the beginning and at the end of the reaction are given in % moles 
moles, on this basis, in Table 3.9. 
Sample Calcium hydroxide Calcium stearate Calcium calizarate Calcium carbonate 
Precarbonation 75.41/6 17.6% 7% 00/0 
I rnin Of Carbonation 70.1% 17.6% 7% 5.3% 
25 min of carbonation 2.3% 17.6% 7% 67.8% 
Table 3-9: Calculated proportions of calcium hydroxide, stearate, calixarate and carbonate during the 
carbonation . 
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Two parameters were chosen to study this particle population, (a) the particle size 
distribution in numbers fN and (b) the particle size distribution in volume fv. 
The particle size distribution in numbers is the proportion of particles with a specific 
diameter expressed as a percentage, which emphasises the small particle end of the 
size distribution. The particle size distribution in volume is the proportion of the total 
volume of sample occupied by the particle with a specific diameter, which emphasises 
the large particle end of the distribution. 
The results are shown in Figures 3.30 to 3.35. 
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The size distributions in numbers (fN), and in volume (J*v), of the neutralised material 
are shown on Figure 3.30 and 3.3 1. 
Pre-carbonation material 
20 
0 m 
10 
Size dislinbution(s) 
15 10 50 100 
Diameter (nm) (X 1 OA2) 
Figure 3.30 : Pre-carbonation material. Size distributions in number (fN), and in volume (f, ). 
78nm <d<225nm 
- Mean=105.3nm 
36% 
225nm<d<843nr 
Mean=344.5nm 
57% fN 
78rrn <d<225rrn 
Mearr-105.3rTn 
843nm<d<30pm 
Mearr-1470. lrvn fv 
92% 
225rwn<d<843nm 
Mean=344.5nm 
7% 
Figure 3.31 : Pre-carbonation material. Size distributions in number (fN), and in volume (f, ). 
The neutralised material in toluene is characterized by a wide range of particle sizes, 
and can be described by as a small proportion (7%) of very large particles mixed with 
a very high number of smaller ones (97%) with, however, the few large particles 
providing most of the sample volume. 
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The size distributions in numbers (fN), and in volume (fv), of aI min of carbonation 
sample are shown on Figure 3.32 and 3.33. 
1 min of carbonation 
Size distribution(s) 
40 ---------------------------- I ------------ I --------------------------- I .......... I --------------------------- 
M 
30 ---------------- --- ----- ----------- -------------------------- .......... -------------------------- 
fN 
20 -------------- -------- -- T: -------------------------------------- -------- -------------------------- 
fV 
10 --------- -------------- ----------- I ----------------------------- I -------- -I ---------- ---------------- 
15 10 so 100 500 
Oiameter (nm) (xlO^2) 
Figure 3.32: 1 min carbonation material. Size distributions in number (f N), and in volume (fv). 
888rwn<d<304m 107ryn <d< 18: 
Me&y-- 1470.1 rwn -- Mearr-138n 
211.6% 
182mr, ýd-888ryn 
Mean=379nm 
92% 
107nrn <d<182nm 
Mean=138nm 
0% 
888nm-d<30pm 
Mean=1470 Inm 
85% 
fv 
182nm<U<888nm 
Mean=379nm 
15% 
Figure 3.33: 1 min carbonation material. Size distributions in number (fN), and in volume (fv). 
At this stage, only 4% of the calcium hydroxide has been turned into calcium 
carbonate. As shown on Figure 3.31 and 3.32, the small particles (107-182nm) 
represent less than 1% of the population in numbers and almost 0% of the population 
in volume. The medium particles represent now 92 % of the population and are 15% 
of the volume. 
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The size distributions in numbers (fN), and in volume (f v), of a 25 min of carbonation 
sample are shown on Fi,,,,, ure 3.34 and 3.35. 
25 min of carbonation 
30 
(0) 
20 
10 
Size distnbutiorXs) 
5 10 so 100 500 1000 
Diarmter (nrn) (x 10'2) 
Figure 3.34 : 25 n-dn carbonation material. Size distributions in number (fN), and in volume (f v). 
506nm<d<858nm 
Wan=622nm 
33% 
858nm<d<30pm -WRIMINIFF- 
Vean=2846nm 
67% 858nm<d<30pM 
Mean=2846nm 
99% 
Figure 3.35 : 25 min carbonation material. Size distributions in number (fN), and in volume (fv). 
At this stage, the carbonation process is almost finished and 90% of the calcium 
hydroxide has been converted into calcium carbonate. The medium particles represent 
now 33% of the population in numbers (Figure 3.34) and 1% in volume (Figure 3.35). 
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The large particles are now in the majority both in numbers (67%) and in volume 
(99%). This indicate that the 10% of the calcium hydroxide remaining after 25 min of 
carbonation is constituted in large particles or aggregates (> 1500 nm) which are 
accompanied by medium particles. It is also important to note that the proportion, in 
number, of the medium particles has dropped, indicating they have been used to 
produce calcium carbonate. It is important to remember that most of the calcium 
hydroxide has been turned into calcium carbonate at this stage, but that these 
nanoparticles are not revealed in this experiment. 
The pre-carbonation calcium hydroxide particles cover a wide range of size (78 nm up 
to 301im). It is known that the solvent used to suspend the samples may lead to 
aggregates, even when the particle sizes of the corresponding phenate overbased 
detergent particles measured by Langmuir-trough were nano-patficles. 's The 
possibility of formation of calcium hydroxide aggregates due to the solvent is then 
relevant. 
The disappearance of the small particles after only 5% of the carbonation and of the 
medium one after 90% of carbonation indicates a surface activity control of the 
reaction; Figure 3.36 summarises these data. The smaller particles are broken down 
into nanoparticles by the carbon dioxide more quickly than the medium and the large 
ones. This can be due to the fact they have a larger surface area, relative to volume. 
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Figure 3.36: Evolution of size distribution during the carbonation process. 
3.2-8: Monitoring of the Overbasing Reaction-Summary. 
The monitoring of the overbasing process was carried out at two different scales, (a) a 
molecular one where the usual spectroscopic methods were used (13 C and 'H NMR, 
UV-Vis, FTIR and Raman), and (b) a supramolecular one where particle sizes were 
investigated by langmuir-trough measurements and dynamic light scattering. 
At the neutralisation stage, the pre-carbonation material underwent an acid-base 
reaction between calcium hydroxide and both surfactant (calixarene) and co- 
surfactant (stearic acid). This implies that there are, at this stage, three types of 
calcium salt: calcium stearate, calcium calixarate and calcium hydroxide. The calcium 
hydroxide is the only one to be turned into calcium carbonate. Evidence obtained 
f OM 13C r NMR (constant chemical shift of the calcium stearate), FTIR (no reversion 
to stearic acid) and UV-vis spectroscopy (constant adsorption band for calcium 
calixarate), is that the state of the binding did not appear to change on carbonation. 
These structures were thermodynamically stable; no changes were observed by 1H 
NMR either. 
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The carbonation process showed two majors transformations. From the chemical 
point of view, a build up of calcium carbonate was monitored by Raman 
spectroscopy, Langmuir-trough and quantified by 13 C NMR using 13 C02- The 13C 
NMR study showed an induction period before the appearance of a multiple carbonate 
signal(x, y). The growth of the main signal (z) was then observed until the end of the 
carbonation, but no other chemical changes were visible elsewhere. Physical changes 
such as broadening of the ethylene glycol, stearate and calixarene 13 C NMR peaks 
were observed. 
On a supramolecular level, particles of calcium hydroxide and calcium carbonate 
were studied by dynamic light scattering and a Langmuir-trough apparatus. The 
overbasing process was also monitored by Langmuir-trough. At the beginning of the 
carbonation, the starting material consisted of a small proportion of large calcium 
hydroxide aggregates (in the size range of 800nm-3011m) mixed with numerous 
smaller particles (100-800 nin). The Langmuir-trough monitoring showed a rapid 
drop (at 30% of carbonation) to "near final" particle size. The dynamic light scattering 
gave evidence of a surface activity control of the reaction; the smallest calcium 
hydroxide particles being consumed first and the biggest last. 
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3.2-9: Investigation of Imuldple' 13 C032- Signal- 
Although the reaction monitoring provided much information, some points still 
remain unclear at this stage. The 13 C NMR spectrum showed more than one C02- 
induced signal. A range of experiments was undertaken to characterise these three 
peaks. The role of the ethylene glycol in the carbonation process and the final 
structure also still needs to be further investigated. Experiments involving 1 3C 99% 
enriched ethylene glycol, and attempts to develop a glycol-free product were also 
carried out. The possibility of a complex formed between the calixarene and the 
ethylene glycol was also investigated. 
3.2.9.1: Introduction. 
It has been seen previously that the use of the "CO2 (100% 13C) led to 3 distinct 
signals in the carbonate region of the 13 C NMR, which are shown expanded scale in 
Figure 3.37. 
Figure 3.37: 13 C NMR C02-induced signals (13C 100% enriched) in overbased detergent spectrim 
after 150 s (normally 100%) of carbonation. 
The broadest and main signal (z) shows a chemical shift of 168 ppm while the two 
others are almost overlapping at 169.8 ppm and 170.2 ppm. All these signals do not 
appear at the same time during the overbasing process. The two at 169.8 ppm. and 
170.2 ppm grow quickly in the first 10s after which time (10-150s) further growth is 
minimal. Figure 3.38 (shown next page) shows the time course of each signal during 
the carbonation process, with the main peak (168 ppm) starting after 10s but growing 
rapidly. 
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Figure 3.38 : evolution of the 13C NMR carbonate signals during the carbonation process. 
Correlation time /completion of carbonation: is < 1%, 5s -3. %, lOs-6%, 30s-20%, 60s-40%, 
150 s=100% 
A series of experiments was carried out to investigate these signals. Longitudinal 
relaxation time measurements (see p 146 for more details) were carried out before 
formulating any hypothesis. Table 3.12 shows that the carbon corresponding to the 
smallest signal (x) has a relatively long relaxation time (1.9 sec) compared to the to 
others ones (0.4-0.5 sec). 
Peak No Assignment 8 (ppm) T, (sec) 
I Carbonate (x) 170.2 1.91 
2 Carbonate (y) 169.8 0.5 
3 Carbonate (z) 168.0 0.4 
Table 3.12: Longitudinal relaxation time (TI) 
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At this stage several different hypotheses can be proposed to account for the multiple 
peaks: 
* One concerns the influence on the calcium carbonate chemical shift, of the polar 
solvents ethylene glycol and 2-ethylhexan- I -ol. The calcium carbonate exposed to 
the solvents (surface of the particle) could show by 13 C NMR a different chemical 
shift to the bulk calcium carbonate. 
@ Another hypothesis is that some component was reacting with the 13CO2, 
producing a by-product in the hexadecane solvent or part as of the inverse micelle. 
This was checked by a wide range of reactions involving bubbling 13C02 into a 
mixture containing various chemicals used in the synthesis. 
The possibility of there being two or more types of calcium carbonate in the 
sample must also be considered. 13 C NMR and Raman was used to help 
distinguish between these three possibilities. 
3.2.9.2 Hypothesis 1: inner and outer calcium carbonate. 
Different types of calcium carbonate exist due to the environment of the particle. A 
contact with a polar environment like ethylene glycol or 2-ethylhexan-l-ol could 
create a difference in the chemical shift. If we consider a particle of calcium 
carbonate, the inner calcium carbonate is "isolated" from the polar material, but the 
outer calcium carbonate should be in contact with the stearate (Figure 3.39). 
Calcium carbonate inner core 
of calcium carbonate molecules (0.5 nm) 
carbonate outer layer 
Figure 3.39. Structure of the calcium carbonate core. The outer layer in contact with the polar heads of 
solvents and surfactants is separated from the inner core by a monolayer of calcium carbonate. 
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The outer calcium carbonate would then appear at a different 6 ppm to inner calcium 
carbonate. Looking at the time course of the different carbonate signals pictured on 
Figure 3.38, let us consider the two main ones at 169.8 pprn (y) and 168 pprn (z)) 
showing similar relaxation time. The first to appear is the signal visible at 169.8 ppm 
that could indicate the outer calcium carbonate. The last signal to appear (the inner 
calcium carbonate) shows a lower chemical shift of 168 ppm, due to its non-polar 
environment. 
The inner calcium carbonate can then be related to the core volume of the particle, the 
outer calcium carbonate being related to the outer layer volume of the calcium 
hydroxide. The difference between these two volumes (assumed spherical) should be 
the thickness of a monolayer of a calcium carbonate molecule, which can be estimated 
from the molecular volume of calcium carbonate. A carbonate molecular radius of 
0.244 nm was calculated from the calcium carbonate molar volume 
Mmarbonate=0.0369 dm3/mol). 69 This radius value corresponds to the thickness 
of the outer carbonate monolayer. 
The ratio inner / outer volume was then calculated as shown in equation 3.1, using 
Rouwr and R, the radius of the overbased detergent particle (4.45 nm) minus the 
contribution of the surfactant shell (1.5 mn). 
Vo 
4 
x; r xR3-4x ;rx (R - 
0.5)3 
Vi =343 )3 
0.88 (3-1) 
x ir x (R - 0.5 
This value is different from the value obtained for the ratio of the integrated area of 
peak Y (outer carbonate) to peak z (inner carbonate), both pictured on Figure 3.37. 
The calculation is shown in equation 3.2. 
AreaO 0.25 
= 0.42 (3.2) ý-rea, ý 0.60 
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The two values of the ratio outer/inner carbonate appear to be different, but of the 
same order of magnitude. The various assumptions made to carry out these 
calculations (thickness of the monolayer, contribution to the particle size of the 
surfactant tails) will have also impacted on these results. It is therefore difficult to 
draw any conclusion from this experiment. 
3.2.9.3: Hypothesis 2: different types of carbonate. 
CalciuM carbonate exists as different fonns in the nature in particular with respect to 
according to its crystalline structure. The most common structures existing are known 
as calcite and aragonite, which are in thermodynamic equilibrium. 70 Figure 3.40 
shows geometry of the carbonate group in calcite and aragonite taken from an x-ray 
crystallography Study. 71.72 
Calcite 
0' 
1200 
.0 
1260 
AmSonite 
1200 00 
. %/' 0, Illý 
1194) 
Figure 3.40: Geometry of the carbonate group in calcite and aragonite 
The calcite structure has a higher degree of symmetry than the aragonite group. This 
difference can also be noticed in MAS-NMR spectra where the chemical shift of the 
carbonate groups are 168 ppm for calcite (Figure 3.40) and 170 ppm for aragonite 
(Figure 3.41). 
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FIgure 3.41: Ambient temperature N4AS-NMR Spectrum of &a calcite form of the calcium carbonate. 
Figure 3.42: Ambient temperature MAS-NMR Spectrum of the aragonite form of the calcium 
carbonate. 
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The calcium carbonate formed during the carbonation can be detected either by solid 
state N1V[R or liquid state. This gives evidence that the carbonate is not entirely 
"solvated" and not entirely "solid". The hypothesis of an amorphous calcium 
carbonate appears then to be the most plausible considering that the carbonation 
produces water in the micelle. The Raman spectroscopy also showed a broad signal 
for the calcium carbonate, giving further evidence of the amorphous nature of the 
carbonate. 
The 13 C NMR study showed that the two main peaks of the carbonate signals were at 
168 ppm and 170 ppm. These chemical shifts are close to the calcite and aragonite 
signals, but the signals appear too broad to be due to the presence of a crystalline 
material. At this point it can be suggested that although the carbonate is not in 
crystalline form, the average geometry of the carbonate molecules can be close to 
either calcite (peak z) or aragonite (peak y). In this case, using the time course of the 
carbonate signals shown on page 122, we can notice that the calcium appears first 
under a form closer to aragonite, and after under a form closer to the calcite one. 
The 'calcite-like' form becomes the majority due to its greater thermodynamic 
stability. The two peaks seem then to merge, indicating a conversion process of one 
form into the other. At the end of the carbonation, the carbonate signal is quite broad 
and does not necessary imply that the core material is under a precise crystalline form, 
but corresponds rather to an average environment where the geometry of the 
carbonate groups are closer to a calcite structure. The calcite and aragonite structures 
must only be considered as limiting forms that the average carbonate molecule can 
adopt. 
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Even if this hypothesis seems to be realistic, 'the third carbonate peak (see Figure 
3.37), whose relaxation time is long (see Table 3.11), indicating a high mobility, has 
still not been identified. As it seem to be a fairly mobile species, the possibility of a 
reaction between the 13C labelled carbon dioxide and a chemical or an impurity in the 
solvent will be investigated later. 
3.2-9.4: Carbonate/ Bicarbonate Equilibrium HypothesiJ. 
The synthesis of the calcium carbonate from calcium hydroxide by injection of carbon 
dioxide involves different ionic species including the bicarbonate ion. 73 
CO2 + Off e 
CO2 + H20 « 
Ca(OH)2 i: 
Ca2+ + CO32, - 
Ca2+ + HCO31-- 
HCO3" 
H2C03 
HC03' 
HC03"+ H+ 
Ca2+ +2 Off 
CaCO3(4 
CaHC03+ 
14++ C03 2- 
If++ HC03' 
Scheme 3.1 : Ionic equilibrium in water followinf, the carbon dioxide in solution 
It was decided to check if the chemical shift of the bicarbonate ion would be 
observable by 13 C NMR around 170 ppm. In order to test the possibility that one of 
the extra peaks is due to bicarbonate ion, a mixture of carbonate / bicarbonate 1: 1 eq 
was studied. Because of solubility problem sodium carbonate (or bicarbonate) was 
used instead of the calcium salts. 
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A summary of the chemical shifts of some of the compounds involved in the 
carbonate bicarbonate equilibrium is shown on the Table 3.13. 
Compound (ppm) Solvent 
Sodium carbonate 169 D20 
Sodium bicarbonate 161 D20 
Carbon dioxide 120 EG, THF 
Carbonate / bicarbonate 1: 1 eq 166 D2.0 
Calcium carbonate 169 Hexadecane 
Table 3.13 : Comparison of 13 C NMR measured chemical shifts of various carbonate values to the 
carbon dioxide one. Spectra were run at 473 K in the indicated solvent 
Considering the lower chemical shift of the bicarbonate ion (compared to the multiple 
signal observed at 170 ppm), this hypothesis does not seem to be possible. 
Furthermore, the single signal at 166 ppm for the mixture indicates fast equilibrium in 
D20- Whether this would also occur in the 'carbonate core' of the overbased material 
is not clear. 
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3.2.9.5. - Carbon Dioxicle reacting with an impurity not derivedfrom Ca(OH)2. 
To check this hypothesis a set of experiments was designed involving bubbling 13c 
labelled carbon dioxide into a mixture containing all the chemicals used for the 
synthesis except calcium hydroxide. The set of experiments (shown on Scheme 3.2) 
involves two main parts, base and non-base dependant reactions. The latter assumes 
direct reaction of C02, with an 'Impurity', the former assumes a similar reaction but 
involving a base dependency. In order to allow for base-dependancy without 
proceeding with the actual overbasing, an alternative base (triethylamine or sodium 
hydroxide) was added to one set of experiment (base dependancy reaction). Two 
different grades of calixarene and stearic acid were used. The 'standard' grades 
correspond to a home-made calixarene (purity 74%) and a 95% pure stearic acid 
(Aldrich), commonly used in the industry. The extra pure grade corresponds to a 99% 
pure calixarene (Fluka) and 99% pure stearic acid (Aldrich). 
Figure 3.43: Set of experiments to identify the multiple 13 C NMR carbonate signal 
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3.2.9.5.1: Non Base Dependant Reaction. 
Treatment of "Ca(OH)2-free" solutions is described in experimental section 
(procedure 8). The "standard" and "extra pure" experiments failed to give any signal 
in the 170 ppm, 13 C NMR region. Figures 3.43 and 3.44 show, respectively, the 13c 
NMR spectra of the material obtained in the "pure" and "standard" experiments. It 
seems that at this point that the additional 13C NMR peaks observed in the overbasing 
reaction are not due to interaction of "impurities" in 2-ethylhexan-l-ol, hexadecane, 
Figure 3.43: High Purity compounds + 13C labelled carbon dioxide 
I 
Figure 3.44: Standard compounds + '3C labelled carbon dioxide 
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The fact that no 13C labelled product in the 170 ppm region was seen, rejects the 
"impurity" hypothesis. However, there is a major difference between this procedure 
and procedure 3: the presence of Ca(OH)2. These experiments do not rule out a base- 
dependant reaction Of C02 with impurities or, more importantly, with some of the 
reaction compounds. 
3.2.9.5.2: Ba3e-Catalysed Side Reactions. 
The base catalysed reaction was designed to mimic the acid-base condition existing 
during the neutralisation stage. Calcium hydroxide was not used as a base, since this 
would merely repeat the overbasing experiment. An amount of base (triethylamine 
sodium hydroxide / BuLi) was mixed with hexadecane, stearic acid, calixarene, 
ethylene glycol and 2-ethythexanol to ionise the acidic compounds and 13 C02 was 
then injected. The full description of this experiment (procedure 9) is given in the 
experimental section. Ionised species can then react with the carbon dioxide as 
indicated on Scheme 3.3: 
ROH + B' RO'+ BH 
RO' - 
C02 
-0- ROC02' 
Scheme 3.3 - Potential lonisation and reaction of an impurity with carbon dioxide 
Given the involvement of hydroxide base, the "hydroxy" compounds stearic acid, 
ethylene glycol, 2-ethythexa-l-ol and calixarene phenol groups are likely to be 
involved (Scheme 3.4). 
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Scheme 3A Reaction between ionised reagents and carbon dioxide. 
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Shaking of a calixarene, 2-ethylhexan-l-ol, ethylene glycol, stearic acid and 
hexadecane mix with aqueous NaOH did result in a sharp peak ca. 170 ppm (Figure 
3.45) but the possibility of Na2C03 is strong (possibly as an organic/aqueous 
emulsion) 
1111a111111111t11 r= 
150 100 50 PPM 
Figure 3.45: Standard Con1poUndS + 13C labelled carbon dioxide + NaOH 
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3.2.9.6: Reactions with Calixarene. 
A 13C NMR spectrum of ethylene carbonate in hexadecane was run and showed a 
carbonate signal at 155 ppm. Since 2-ethylhexan- I -ol is unlikely to be deprotonated to 
any great extent (pK ca. 18) further experiments concentrated on calixarene alone. 
Details on the reaction and on the expected product are shown on page 134. The 
procedure (procedure 10) is described in the experimental section. The 13 C NMR 
spectrum in MeCN of a mixture of ca. I equivalent triethylamine (pK ca. 19 in 
MeCN) and calixarene ( pKI, 2,3,4-'ý 17,20,27,30 in MeCN) 74 followed by bubbling in 
of 13 C02 using compressed gas and a valve bottle regulator is shown in Figure 3.46. 
ISO 100 so PIPM 
Figure 3.46: 13 C NMR spectrum of calixarene +I eq of Triethylamine in CH3CN+ 
13CO2 
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No carbonate region peak was observed. Another attempt was made using a much 
stronger base. 
lonisation of the Calixarene by BuLi 
An attempt to react 13C labelled C02 with an ionised calixarene, was carried out when 
0.5g of calixardne (3.85.10-4 moles) were dissolved into 50 ml of tetrahydrofuran 
(procedure 11). The calixarene, was then ionised by a large excess of BuLi (8.10 4 
moles) . and 0.6 g of 13C labelled carbon dioxide (0.136 g) were then injected into the 
material using compressed C02 with a valve bottle regulator and a flowmeter (carbon 
dioxide flowrate 0.4g/min). No carbonate signal was visible by 13 C NMR (Figure 
3.48), and some dissolved carbon dioxide was still present in the mixture (sharp signal 
at 126 ppm). 
No signal ca. 170 ppm was observed indicating that the hypothesis of an ionised 
calixarene and carbon dioxide was not supported. 
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Figure 3.47: 13 C NMR spectrum of mixture containing a calixarene, and Some 13 C02 in 114F 
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3.2-10: Work with Ethylene Glycol. 
The 13 C NMR spectrum of a calixarate overbased detergent, stage F, showed a 
broadening of the ethylene glycol signal during the carbonation. Ethylene glycol and 
more generally small polar molecules can be considered as micellar exchange 
promoters, to facilitate the overbasing process. 75-78 . The ethylene glycol can also act 
as a co-surfactant. A set of experiment was designed to investigate his role. 
3.2.10.1: Work with the 13 C Labelled Ethylene Glycol. 
Work was undertaken using 13C labelled ethylene glycol to check its presence in the 
core after solvent removal. Procedure 12 was followed to perform the overbasing 
reaction, and a' 3C NNIR spectrum of the calixarate overbased detergent is shown on 
Figure 3.49. 
4O 100 "0 SO 40 20 P 
Figure 3.48: Overbased detergent sythesised with '3C labelled ethylene glycol. 
The presence of some remaining ethylene glycol is now obvious. Its 13 C NMR 
chemical shift is 63 ppm, and a broad signal is clearly visible as shown on figure. The 
broadness of it contrasts with the sharpness of some signals corresponding to the 
hexadecane (14 ppm), indicating a relative "immobility" of this compound in the final 
detergent. This is confirmed by the longitudinal relaxation time study (see section in 
chapter 5) which shows an estimated Ti of 0.2 s. This is the shortest relaxation time 
assigned to a chemical group in the overbased detergent. It shows how close and 
bound to the core the ethylene glycol is. 
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The possibility of a complex between the calixarene, and this relatively small molecule 
could explain such a strong interaction, but ethylene glycol could also be adsorbed in 
the calcium carbonate core. 
3.2.10.2: Procedures without Ethylene Glycol. 
Repeat of Procedure 3 without Ethylene Glycol 
An attempt to repeat procedure 3 without ethylene glycol and replacing it by 
additional 2-ethylhexan-l-ol did not work. Clearly, the ethylene glycol is essential to 
the overbasing process. 
Mixed oxide / Hydroxide Process 
The precursor of the calcium carbonate is, in this particular procedure, a mixture of 
calcium hydroxide and calcium oxide. As a solvent, dodecane was used instead of 
hexadecane, but such a minor modification is not likely to induce a big change 
between the two procedures. Instead of incorporating ethylene glycol, methanol and 
butanol are used as polar solvents. The calixarene is the only surfactant and some 
acetic acid is added dropwise into the mixture. Amounts used in procedure 13 are 
shown in table 3.13. The reaction was not successful. 
compound mw(g) amount(g) moles 
p-tert-butylcalix-8-arene 1631unit 4.4 0.0635 
SP135 to 
Calcium oxide 56.08 2.176 0.64 
Dodecane 170.34 148 0.86 
Methanol 42 57.12 1.36 
I-butanol 74 20.72 0.28 
Acetic acid 60 3 0.05 
Ca(OH)2 74 18.5 0.25 
Carbon dioxide 44 37.4 0.86 
Table 3.13: amount used for the ethylene glycol free procedure. 
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3.2-11: p-tert-butylcalix-g-arene / ethylene glycol as host/guest molecules 
The solid state inclusion of small solvents molecules has been studied in the case of 4 
and 6 unit calixarene rings. 2' Tberefore it was decided to include a molecule of 
ethylene glycol into the cavity of a non ionised p-tert-butylcaHx-8-arene in. a basket 
conformation. Procedure 14 is described in the experimental section. 
Results 
As shown in previous work, a change of the aromatic signal is expected as a proof of 
the inclusion phenomenon. 21 The Figures 3.50 and 3.51 show the MAS NMR spectra 
for both calixarene and calixarene complexed, with ethylene glycol. 
Figure 3.49: 13C solid state NMR spectrum of pure calixarene 
Figure 3.50: 13C solid state NMR spectrum of calixarene / ethylene glycol complex 
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In Figure 3.50 the chemical shift of the aromatic ring of the calixarene is 120-150 
ppm. Two small and sharp peaks can be seen in the centre of this large group of 
peaks. After treatment with ethylene glycol (Figure 3.50), the signal of the aromatic 
ring of the calixarene (120-150 ppm) seems to be different: the two small and sharp 
peaks in the center of this large group of peaks have now disappeared, and the general 
shape of this signal has changed as well. The ethylene glycol signal is visible: two 
signals at 63 and 61 ppm. The two spectra (pure calixarene and calixarene + ethylene 
glycol) do then show a difference in the aromatic ring signal of the calixarene (130- 
150 ppm) indicating a change of symmetry in the aromatic ring of the calixarene 
(130-150 ppm). This difference can be seen on the expanded view (Figure 3.51,3.52) 
of the aromatic region. 
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Figure 3.51: Enlarged view of the MAS NW spectrum of the calixarew 
1 
Figure 3.52: Enlarged view of the MAS NMR spectrum of the calixarene / ethylene glycol complex 
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3.2.12: Effect Of C02 Flow-Rate. 
The carbonation reaction can be divided into two major steps ((g) referring to gas and 
(s) to the system). The first step consists of the injection of carbon dioxide into the 
mixture at a rate defined by kI, the rate constant of carbon dioxide diffusion, the 
second step being the actual reaction of carbon dioxide with calcium carbonate (r ate 
constant k2). 
Delivery of the carbon dioxide: 
ki 
C02(g) 
- 
C02(s) 
k-I 
Calcium carbonate formation: 
k2 
C02(,, ) + Ca(OH)2 k-2 
CaCO3 + 2H20 
It was shown in other work that the rate-limiting factor of the carbonation was the 
difflision Of C02 into the hydrocarbon phase. 79 This suggests that under certain 
conditions delivery rate Of C02 (flow-rate) controls the overall reaction rate. To test 
this, the area of the carbonate peak(s) was measured after set time interval for 2 
different C02 flow rates. Because the intensity of a 13 C NMR peak depends on the 
nature of the carbon atom considered, it is important to work with integration areas 
compared to an internal reference. Each peak integral was divided by the internal 
reference peak integral. The internal reference is the aliphatic peak whose chemical 
shift is 14 ppm (hexadecane C1, C16, stearic acid CIS and 2-ethylhexan- I -ol C6). 
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Procedure 7 results 
Two samples have been compared: 
The time of injection of carbon dioxide is in both cases 30 s. 
Sample a: flowrate 0.42g/min 
Sample b: flowrate 1.2g/min 
Flowrate (g/min) Ratio carbonatelreference 
0.42 0.39 
1.2 3.5 
Table 3.14: Effect of flowrate on carbonate content 
The relative values obtained show that when increasing three times the amount of 
carbon dioxide injected per time unit, the amount of calcium carbonate is also 
increased by 9. If no effect of the flowrate had been seen on the calcium carbonate 
concentration, it would have indicated that the rate-limiting step was not the delivery 
of the carbon dioxide, but the synthesis of the calcium carbonate. The result confirms 
that the delivery of the gas governs the overall rate of the reaction. The solubility of 
carbon dioxide in hydrocarbons is 0.56 g/I at 25 *C, so the maximal amount of carbon 
dioxide solubilised in 9g of hexadecane (procedure 3) is 0-05g. 79 The carbon dioxide 
injection flowrate, controlled and set up to 1.2 gm"', delivered every 3 seconds, 100% 
of the maximal amount of carbon dioxide to be solubilised in hexadecane. This 
suggests that as soon as the carbon dioxide was delivered into the mixture, it did react 
with the calcium hydroxide. The rate of reaction of carbon dioxide (k2) is then greater 
than its rate of delivery / diffusion (ki). This result seems to be consistent with other 
works where a diffusional regime of the calcium carbonate particle growth was 
noticed. 52 In such a case, the rate of reaction of the carbon dioxide onto calciun 
hydroxide is considered far greater than the rate of injection of carbon dioxide into the 
organic phase. 
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Due to the low solubility of carbon dioxide in hydrocarbons at such a temperature 
(130 'Q and with the particular experimental conditions (carbonation under slight 
vacuum), the possibility of a build up of carbon dioxide in the solvent maintaining the 
gas at constant concentration was then rejected. 
3.2-13: Relaxation Times. 
The measurement of the longitudinal relaxation times (TI) can give useful data on the 
mobility of the various species. Spin-lattice relaxation time measurements have often 
been used to assess the degree of freedom of the molecules in a particular 
environment or a fragment in a more complex molecule such as proteins, saccharide, 
Polymer or carbohydrate. 74-n Work has also been carried out to observe aggregation 
phenomena in micellar media. 80'92 The mobility of smaller species like cations in 
zeolites can also be studied . 
93 The more mobile an atom is, the longer its relaxation 
time. In the case of an overbased detergent, a chemical species close to the core shows 
a lower mobility and consequently a shorter relaxation time. Analysing the T, is then 
an alternative way to establish a picture of the calcium carbonate particle. The sample 
studied is a calixarate made with some 13 C02 corresponding to a completed 
carbonation (procedure). This sample was not solvent stripped, so the ethylene glycol 
and the 2-ethylhexan- I -ol were still visible and their T, values measurable. 
The sample was analysed using' 3C NMR. The spectrum was acquired using the usual 
conditions (130 *C, 1 sec relaxation delay + acquisition time) on a JEOL GSX270 
spectrometer operating at 67.78 MHz for 13C . The pulse width used was around 30 
T 
and complete decoupling (i. e with full NOE) was used to acquire the data to improve 
the signal to noise ratio. The exact temperature of the probe used to acquire this data 
was not known exactly but the spectrometer was set to operate at 130 T and the 
actual probe of the temperature was believed to be very close to this based on 
calibration of other probe. The 13C NMR results are shown on Figure 3.53 and Table 
3.15. 
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Figure 3.53 : Overbased detergent; T, relaxation time assignments. 
8/ppm Peak Assignment T, (sec) 
185 a C1 of stearate 
171 x Carbonate (x) 1.9 
169 y Carbonate (y) 0.5 
167 z Carbonate (z) 0.4 
125-135 b CA, of Cahxarene 
66 d 2-Ethylhexan-l-ol C, 0.7 
63 e Ethylene Glycol - 0.2" 
42 f 2-Ethylhexan-l-oIC2 1.3 
39 9 C2Stearic acid -0.52 
33 h, C3Stearic acid 3.3 
30 h2 Long chain alkylC3 4.0 
29 h3 Long chain alkyl (CH2). 3.2 
24 h4 2-Ethylhexan- I -ol C5 1.8 
21 hs Long chain alkyl C2 7.8 
14 Long chain alkyl 
C7 8.3 
11 2-Ethylhexan- I -ol Cs 3.8 
Table 3.15: Overbased detergent: T, relaxation time assignments for spectrum shown in Figure 3.53. 
4 It was not possible to measure the exact relaxation time of this peak, but its T, has been estimated by 
comparison with other peaks in the sample. 
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Discussion 
The values of the T, gave a good picture of which chemical species are close to the 
core of the particle: the carbonate, the polar head of the stearic acid and the alcohols 
show some short relaxation times indicating how restricted their mobilities are. 
The long alkyl chains have a relative high mobility (long relaxation time), as 
expected. The calcium carbonate particle can be described as follows: a calcium 
carbonate core surrounded by a polar layer (carboxylic groups, alcohol groups and 
probably the calixarene), surrounded by the long alkyl chain of the stearic acid, of the 
2-ethyl-hexan- I -ol, and of the hexadecane. 
Unfortunately, the T, could not be measured for the calixarene, because the signals 
were too broad (indicating an extremely restricted mobility). The ethylene glycol 
seems also to be bound to the core. The only surprising result is the long relaxation 
time corresponding to the carbonate signal (x), indicating the presence of some 
relatively mobile carbonate ions, possibly partly soluble organic carbonate. 
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3.3: Experimental. 
3-3.1: Materials. 
The materials used for the synthesis are the following: p-tert-butylphenol 95% 
(Aldrich), formaldehyde 95% (Aldrich), a mixture of xylenes (Adibis-Lubrizol), 
stearic'acid 95% (Aldrich) and 99% (Aldrich), hexadecane 99% (Aldrich), ethylene 
gylcol 99% (Aldrich), 13 Clabelled ethylene glycol 99% (Aldrich), 2-ethylhexan-l-ol 
99% (Aldrich), calcium hydroxide 95% (Aldrich) and 99% (Aldrich), carbon dioxide 
(from dry ice) and 13C labelled (Aldrich) 99%, p-tert-butylcalix[8] arene (synthesised) 
and 99% (Fluka). 
3.3.2: 13C NMR Study. 
3.3-2.1: Preparation of the p-tert-butylcalix[8]arate-Procedure 6 
A new procedure using 99% enriched 13 C02 instead of non-enriched one was 
followed. This procedure is similar to procedure 3 (Chapter 2) in all other matters. 
compound mw(g) amount(g) moles equivalents 
P-tert-butylcalix-8-arene 163/unit 4.5 0.0276 1 
hexadecane 9.0 
2-ethylhcxan-l-ol 130 11.7 0.9 3.62 
ethylene glycol 62 1.15+5.85 0.13 4.09 
stearic acid 284.48 10 0.035 1.27 
Ca(OH)2 74 t 5.6 1 0.075 1 2.74 
carbon dioxide 44 31 0.068 1 2.47 
Table 3.16: Quantity of reactants used for the calixarate synthesis procedure 5- 
The flowrate of carbon dioxide injection remains 1.2g/min 
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3.3.2.2: 13C NMR Sample Analysis. 
ls carbonated sample 
Standard NMR: 13C NmR 5H (67-78 MHz, no NMR solvent): 
11.2 PPM (CY, ethylhexanol), 14.1 (CICI6, hexadecane, C18, stearate), 22.8 (C21CI5, 
hexadecane), 22.9 P-C13. stearate), 23.1 (C3-C5,2-ethylhexan-l-ol), 23.4 (C, ', 2- 
ethylhexan-l-ol), 29.52 (C3, CI4, hexadecane), 29.86 (C4, CI3, hexadecane), 32-02 (C5- 
C12, hexadecane), 32.04 (C16, stearate), 39.0 (C2 stearate), 42.1 (C2,2-ethylhexan-l- 
01), 63.4 (CI ethylene glycol), 65.4 (CI, 2-ethylhexan-l-ol), 120-150 (Ar, calixarene), 
185 (Ci, calcium stearate). 
Solid state NMR: 13C NMR (75.430 MHz, no NMR solvent): 
II PPM (CY. ethylhexanol), 14.54 (CI, 
CI6, hexadecane), 23-60 (C2, CI5, hexadecane), 
24.81 P-C13. stearate), 25.95 (C,,, 2-ethythexan-l-ol), 30.47 + 32.63 
(C39C49 C5- 
C12, CI3, CI4, hexadecane), 35.59 (C16. steamte), 38.39 (C2. stearate), 42.22 (CZ, 2- 
ethylhexan-l-ol), 64.64 (CI ethylene glycol + C1,2-ethylhexan-l-ol), 120-135 (Ar, 
calixarene), 183.91 (Cl, stearate). 
Ss carbonated sample 
Standard NMR: 13C NMR 811 ( 67.78 MHz, no NMR solvent): 
11.2 PPM (CY, ethylhexanol), 14.1 PX16, hexadecane, C18, stearate), 22.8 (C2tC, 5, 
hexadecane), 22.9 (C3-CI7, stearate), 23.1 (C3-C5,2-ethylhexan-l-nol), 23.4 (C, ', 2- 
ethylhexan-l-ol), 29.52 (C3, CI4, hexadecane), 29.86 (C4, CI3, hexadecane), 32.02 (C5- 
C12, hexadecane), 32.04 (C16. stearate), 39.0 (C2 stearate), 42.1 (C2,2-ethylhexan-l- 
01), 63.4 (CI ethylene glycol), 65.4 (CI, 2-ethylhexan-l-ol), 120-150 (Ar, calixarene), 
169.3 (carbonate Y, small), 169.8 (carbonate 'y', sharp, medium), 185 (CI, stearate, 
broadened). 
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Solid state NMR: 13C NTVM (75.430 MHz, no NMR solvent): 
11 PPM (CY, ethylhexanol), 14.54 (Cl., C16, hexadecane), 23.60 (C2, CI5, hexadecane), 
24.81 (C7-CI3, stearate), 25.95 (C,,, 2-ethylhexan-l-ol), 30.47 + 32.63 (C32C45, C5- 
C12, CI3, CI4, hexadecane), 35.59 (C16, stearate), 38.39 (C2. stearate), 42.22 (C2,2- 
ethylhexan-l-ol), 64.64 (CI ethylene glycol + C1,2-ethylhexan-l-ol), 120-135 (Ar, 
calixarene), 169 (calcium carbonate), 183.91 (CI, stearate). 
1 Os carbonated sample: 
Standard NMR: 13C NMR 8H (67.78 MHz, no NMR solvent): 
11.2 PPM (C2'.. ethylhexanol), 14.1 (CICI6, hexadecane, C18, stearate), 22.8 (C2YC159 
hexadecane), 22.9 (C3-CI7. stearate), 23.1 (C3-C5,2-ethylhexan-l-ol), 23.4 (C, ', 2- 
ethylhexan-l-ol), 29.52 (C3XI4, hexadecane), 29.86 (C4,, CI3, hexadecane), 32.02 (Cs- 
C12, hexadecane), 32.04 (C16, stearate), 39.0 (C2 stearate), 42.1 (C2,2-ethylhexan-1- 
ol), 63.4 (Ci ethylene glycol), 65.4 (CI, 2-ethylhexan-l-ol), 120-150 (Ar, calixarene), 
167.6 (carbonate T, broad), 169.3 (carbonate 'y', sharp, grown), 169.8 (carbonate 
4 x', sharp, grown), 185 (Cl, stearate, broadened). 
Solid state NMR: 13 C NMR (75.430 MHz, no NMR solvent): 
11 PPm (C2,, ethylhexanol), 14.54 (CI, CI6, hexadecane), 23.60 (C2, Cj5, hexadecane), 
24.81 (C7-CI3. stearate), 25.95 (Cl', 2-ethylhexan-l-ol), 30.47 + 32.63 (C3tC41 C5- 
C129CI3, CI4, hexadecane), 35.59 (C16, stearate), 38.39 (C2, stearate), 42.22 (C2,2- 
ethylhexan-l-ol), 64.64 (CI ethylene glycol + C1,2-ethylhexan-l-ol), 120-135 (Ar, 
calixarene), 169 (calcium carbonate), 183.91 (Cl. stearate). 
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30s carbonated sample 
Standard NMR: 13 C NMR 6H (67.78 MHz, no NMR solvent): 
11.2 PPM (CY, ethylhexanol), 14.1 (Cl., C16, hexadecane, Cls, stearate), 22.8 (C2)CI59 
hexadecatie), 22.9 (C3-CI7. steamte), 23.1 (C3-C5,2-ethylhexan-l-ol), 23.4 (C, ', 2- 
ethylhexan-l-ol), 29.52 (C3, C14, hexadecane), 29.86 (C4, CI3, hexadecane), 32.02 (C5- 
C12, hexadecane), 32.04 (C16, stearate), 39.0 (C2 stearate), 42.1 (C2,2-ethylhexan-l- 
01), 63.4 (Ci ethylene glycol), 65.4 (CI, 2-ethylhexan-l-ol), 120-150 (Ar, calixarene), 
167.6 (carbonate T, broad, grown), 169.3 (carbonate 'y', sharp, grown), 169.8 
(carbonate Y, sharp, grown), 185 (CI, stearate, broadened). 
Solid state NMR: 13 C NMR (75.430 Nfliz, no NMR solvent) 
11 PPM (C2', ethylhexanol), 14.54 (CI, CI6, h"adecane), 23.60 
(C2, C, 5, hexadecane), 
24.81 (C7-C13. stearate), 25.95 (C,,, 2-ethylhexan-l-ol), 30.47 + 32-63 
(C3pC4s CS- 
C12, CI3, CI4, hexadecane), 35.59 (C16. stearate), 38.39 (C2. stearate), 42.22 (C2,2- 
ethylhexan-l-ol), 64.64 (CI ethylene glycol + C1,2-ethylhexan-l-ol), 120-135 (Ar, 
calixarene), 169 (calcium carbonate), 183.91 (CI, stearate). 
60s carbonated sample 
Standard NMR: 13 C NNIR 5H (67.78 Nfflz, no NN1R solvent): 
11.2 PPM (CY, ethylhexanol), 14.1 (CI, CI6, hexadecane, Cis, stearate), 22.8 (C2, CI5, 
hexadecane), 22.9 (C3-CI7. stearate), 23.1 (C3-C5,2-ethylhexan-l-ol), 23.4 (C, ', 2- 
ethYlhexan-l-ol), 29.52 (C3, CI4, hexadecane), 29.86 (C4, CI3, hexadecane), 32.02 (C5- 
C12, hexadecane), 32.04 (C16, stearate), 39.0 (C2 stearate), 42.1 (C2,2-ethylhexan-l- 
ol), 63.4 (Ci ethylene glycol), 65.4 (CI, 2-ethylhexan-l-ol), 120-150 (Ar, calixarene), 
167.6 (carbonate Y, broad, grown), 169.3 (carbonate 'y', sharp, grown), 169.8 
(carbonate Y, sharp, grown), 185 (CI, stearate, broadened). 
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End of carbonation 
Standard NMR: 13C NMR 6H (67.78 MHz, no NMR solvent): 
11.2 PPM (CY, ethylhexanol), 14.1 (C,, C, 6, hexadecane, C18, stearate), 22.8 (C2. tCi5p 
hexadecane), 22.9 (C3-CI7. stearate), 23.1 (C3-C5,2-ethylhexan-l-ol), 23.4 (Ci', 2- 
ethylhexan-l-ol), 29.52 (C3, CI4, hexadecane), 29.86 (C4, CI3, hexadecane), 32.02 (C5- 
C12, hexadecane), 32.04 (C, 6, stearate), 39.0 (C2 stearate), 42.1 (C2,2-ethylhexan-l- 
ol), 63.4 (Ci ethylene glycol), 65.4 (CI, 2-ethylhexan-l-ol), 120-150 (Ar, calixarene), 
167.6 (carbonate Y, broad, grown), 169.3 (carbonate 'y', sharp, grown), 169.8 
(carbonate Y, sharp, grown), 185 (Cl, stearate, broadened). 
Solid state NMR: 13 C NMR (75.430 MFIz, no NMR solvent): 
11 PPM (Cf, ethylbexanol), 14.54 (CICI6, hexadecane), 23.60 (C2, CI5, hexadecane), 
24.81 P-C13. stearate), 25.95 (C,,, 2-ethylhexan-l-ol), 30.47 + 32.63 (C39C49 C5- 
C12)CI3, CI4, hexadecane), 35.59 (C16. stearate), 38.39 (C2. stearate), 42.22 (C2,2- 
ethYlhexan-l-ol), 64.64 (CI ethylene glycol + C1,2-ethylhexan-l-ol), 120-135 (Ar, 
calixarene), 169 (calcium carbonate), 183.91 (CI, stearate). 
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3-3-3: Langmuir-Trough Study. 
3.3-3.1: Preparation of the p-tert-butylcalix[8]arate-Procedure 7 
An adaptation of Procedure 2 was done to facilitate the collection of numerous and 
relatively large samples (scale increased 4 times). The flowrate of carbon dioxide 
injection has also been decreased by 3 (from 1.2g/min to 0.4 g/min) to improve the 
incorporation of carbon dioxide and eliminate the fon-nation of sediments (non 
micellar calcium carbonate). This necessitated an increase in carbonation time from 3 
to 30 min. 
Compound Mw(g) Amount (g) Moles Equivalents 
P-tert-butylcalix-8-arene 163/unit 18 0.110 1 
hexadecane 36 
2-ethylhexan- I -ol 118 47.2 0.4 3.62 
acid 284.48 40 0.140 1.27 
ethylene Glycol 62 4.6+23.4 0.456 4.13 
C02 44 10 0.272 2.38 
CaOHz 76 22.4 0.292 2.67 
Table 3.17: Amounts used in Procedure 7. 
Seven samples were collected at various times during the carbonation process (25 
minutes long) :1 min, 3 min, 7 min, 10 min, 15 min, 20 min, and 25 min. All this 
samples have been extracted using the following method: 6S of calixarate were 
suspended in 100 g of hexane (in a stirred beaker) during 30 minutes. Then 200 g of 
acetone were added. The precipitation occurred instantaneously The product was then 
filtrated with a buchner flask and dried at 570C. Then the white powder obtained was 
ground in a mortar. This extraction removes most of the hexadecane, ethylene glycol 
and 2-ethylhexan-l-ol, so the product obtained contains calcium carbonate, stearate 
and calixarene, altogether forming a micellar particle. 
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It was noticed that similar results were obtained with the corresponding samples of 
non extracted calixarate. The purpose of the extraction process was to remove the 
base oil from the detergent. The presence of the hexadecane does not affect then much 
the measurements carried out since it is not incorporated in the micellar film on the 
water surface 
3.3-3-2: Use ofLangmuir- Trough Apparatus. 
The apparatus used for this study was a Lauda FW2 Langmuir Filmwaage Trough. 
The extracted calixarates (containing mostly calcium hydroxide/ carbonate, but also 
stearic acid and calixarene) were made up as 1.5-2% (w/w) solutions in AR grade 
toluene. A small amount of this (max 60 ýtl) was then applied to the water surface (at 
25'Q and the apparatus left for several minutes for the toluene to evaporate. The 
barrier was then moved across the surface and the changes in surface pressure rI and 
the surface area, A, were recorded. The characteristic inflexion point (called the knee) 
determines the close packing area (for a monolayer film) beyond which a multilayer 
film will be obtained, due to particle ejection from the surface. 
If Ah is the Trough area occupied by the particles when hexagonally close packed, v is 
the volume of solution spread, w the percentage in weight of the sample in solution, 
pp the density of the particles, p, the density of the solvent, then the diameter 2R is 
given by: 
2R = 1.654w vp, /(l 0OAhpp) 
The Table 3.7 show the relevant parameters along with results for each of the 6 
samples of calixarate overbased material. 
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3.33: Treatment of Ca(OH)rFree mixture with 
13 C02. 
Procedure 8: 
The initial mixture containing the calixarene, the 2-ethylhexan- I -ol, a part of ethylene 
glycol, hexadecane, and stearic acid was added into a round-bottomed flask. The 
mixture (creamy yellow colour) was stirred and heated quickly to 90 'C at 
atmospheric pressure. After I hour of heating at 403 K and stirring, 2.7g of 
13C 
labelled carbon dioxide was injected at 1.2g/min, using a valve bottle regulator and a 
flowmeter. The reaction was carried out using different grades of stearic acid and 
calixarene. The amounts used are shown on Table 3.18. The product was analysed by 
liquid state "C NMR at 105 T (Figure 3.43 and Figure 3.44). 
Compound Purity 
Std Pure 
Amount(g) mmoles 
ethyleneglycol 99%(, ) 99 %, 
a) 7 112.9 
2-ethylhexan- I -ol 99% 99%11) 11.8 
90.8 
hexadecane 00/101 99% a) -99 9 39. 
stearic acid 95%111 99% a, 10 
calixarene 75%10) 95%'c) 4.5 
Table 3.18: Procedure -Amounts used. 
(") Aldrich commercial compound 
(b) Lubrizol-made calixarene, GpC analysis, 75% purity (c3 Fluka, commercial compound 
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3.3.4: Treatment of "Ca(OH)2-free" Solutions with Sodium Hydroxide. 
Procedure 9: 
The initial mixture containing the calixarene, the 2-ethylhexan- I -ol, a part of ethylene 
glycol, hexadecane, stearic acid and some aqueous sodium hydroxide was added into 
a round bottomed flask. The amount of sodium hydroxide was calculated to be 
slightly lower that the stoechiornetric arnount necessary to ionise the alcohols, the 
stearic acid and the first pK. of the calixarene. In this way, the production of sodium 
carbonate should be avoided. The mixture (creamy yellow) was stiffed and heated 
quickly at 130"C at atmospheric pressure. After I hour of heating at 105 'C and 
stirring in a round bottomed flask, 2.7g of 13C labelled carbon dioxide was injected at 
1.2g/min, using a valve bottle regulator and a calibrated flowmeter. The samples were 
collected and studied "neat" by liquid state 13C NMR at 105 T (Figure 3.45). 
The amount used are shown on the table below: 
Compound Purity 
Std Pure 
Amount(&) mmoles 
ethylene glycol 99% 
(a) 990/011) 7 112.9 
2-ethylhexan- I -ol gg%(-" 99 -/. 
TT 11.8 90.8 
hexadecane 99% W 99 Wa, 9 39.8 
stearic acid 95% (z) 99W) 10 70.3 
Sodium hydroxide (10'M in water) Not applicable 13.7 ml 
calixarene 7 501.950/. (C) 4.5 3.45 
Table 3.19: Procedure 9 details. 
(") Aldrich, commercial compound (b) Lubrizol-made calixarene, GPC analysis, 75% purity (c) Fluka, commercial compound 
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3-3.5: Attempted Reaction of Calixarene withbase followed by 13CO2 Delivery. 
Procedure 10: 
In a 50 ml round bottomed flask, 1g (77 mmoles) of calixarene and 0.076 g of 
triethylamine were mixed and stirred together in 5g of acetonitrile at 250C during 3 
hours. Then 13CO2 was injected via a pipe connected to a valve bottle regulator at 1.2 
g/min over 4s. The product was analysed by liquid state 13 C NMR at 25 T (Figure 
4.46). 
Procedure 11: 
p-tert-Bu-calix-8-arene (99% pure-Fluka) (0.5g, 38.5 mmoles) were dissolved in THF 
(50 ml) an stiffed over 30 minutes stirring then Buli (0.512 ml, 8 moles) were added 
drop wise under nitrogen. The mixture was then stirred 4 hours, and 2.7 g of 13 C02 via 
a pipe connected to a valve bottle regulator at 1.2 g/min over 4s. The product was 
analysed by liquid state 13C NMR at 25 OC (Figure 3.47). 
3.3.6: Work with 13C ethylene glycol. 
Procedure 12: 
This procedure is a variant of procedure 3 (see experimental section, Chapter 2). The 
same amounts and the same conditions are observed, but a fraction of ethylene glycol 
used (0.5 g, out of 7g) was 100% 13C enriched. The product was analysed by liquid 
state 13 C NMR at 403K (Figure 3.48). 
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3-3-7: Mixed oxide/ Hydroxide process. 
Procedure 13: 
The vessel was charged with calixarene, dodecane, calcium hydroxide and calcium 
oxide and heated up to 60 'C . 200 g of 
SPB5 (solvent) were added, the acetic acid 
was added dropwise during 5 min. The mixture was then stirred for five minutes and 
butanol and methanol were added dropwise. The mixture was stirred for a further 2 
min and carbon dioxide was injected. The mixture was then heated up to 170 'C and 
the solvents were stripped off under vacuum. The product was analysed by liquid state 
13 C NMR at 105 T (Figure 3.49). 
3-3.8: Complexation of Ethylene Glycol and Calixarene 
Procedure 14: 
p-tert-Bu-calix-8-arene (Adibis) (0-45g, 3.4.10"6) were mixed with ethylene glycol 
(1 Og, 0.161 moles) during 4 hours at 403 K in a round bottomed flask mounted with a 
condenser. Then the remaining of unreacted ethylene glycol was removed by rotary 
evaporation (6 hours at 473 K). The product was analysed by solid state 13 C NMR at 
403K. 
157 
Chapter 4 
Mechanism of the Overbasing Reaction 
158 
Chapter 4: Mechanism of the Overbasing Reaction 
4.1: INTRODUCTION. 
The overbasing process was characterised at various stages and monitored as 
described in the previous chapters. The purpose of this chapter is to summarise the 
key features of the system, to propose a hypothesis for the mechanism of formation 
of the overbased detergent, and to compare it with existing models. 
4.1.1: The Overbasing Reaction-Overview. 
The overbasing reaction involves the conversion of a calcium hydroxide (either 
dissolved or suspended in a hydrophobic medium by'surfactants) into calcium 
carbonate. The literature contains a variety of suggested mechanisms summarised 
here. 
4.1. LI Soluble Metal Intermediate4 
In this model, the calcium hydroxide is solubilised in the hydrophobic medium by 
lower alcohols, forming alcoholates as soluble metal intermediates. The dissolved 
carbon dioxide transforms then the calcium-alcoholate into calcium carbonate, 
which is stabilised by adsorbed surfactants. The particle size is defined by the 
competition between growth of the carbonate and rate of surfactant adsorption. 
(Scheme 4.1). The main problem with this hypothesis is the fact the existence of 
alcoholates has never been proven. 
// 
OR CO2 
ca CaC03 +2 ROH 
H20 
Scheme 4.1: OveTbasing reaction mechanism according to Marsh. 
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4.1.1.2: Direct Carbonation ofMacroscopic Calcium Hydroxide. 
In this model, the calcium hydroxide is suspended in the form of particles (53 mn) 
stabilised by surfactants in the hydrophobic medium. The calcium hydroxide is then 
directly converted into nanocolloidal calcium carbonate (Figure 4.1). 
C 
+ 
H 
t( ''( )w 
/1. i\ 
Figure 4.1: Overbasing reaction mechanism according to Jao and Kreuz. 94 
CaCO3 
nanopwticies 
4.1.1.3: Calcium Carbonate Formation in Reverse Microemulsion. 79 
In this model, a reverse microemulsion is composed of micelles, containing water 
and calcium hydroxide. A small proportion of these micelles is then nucleated by 
carbon dioxide, and the calcium hydroxide is converted into calcium carbonate. The 
non-nucleated micelles act as a 'reservoir', providing the calcium hydroxide and the 
sUrfactant molecules to nucleated micelles, to ensure the carbonate growth (Scheme 
4.2). 
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Ca(OH)2 + H20 
Non nucleated 
inicelle 
6reservoir' 
Ir Lý., -I 
co, 
.S CO CO, 
L 
....... ... 
Conversion rrowth of CaCo, particle Ca(OH)2 / CaC03 
Nucleated 
CaCO3 n&elle CaC03 
Scheme 4.2: Overbasing reaction mechanism according to Roman et al.. 12 
4.1.2: Preparation of Calixarate Overbased Detergent. 
In this project, a reliable and repeatable procedure for the 250 TBN 'calixarate' was 
developed. The procedure was also adapted to a small scale (ca. 50g) to work with 
"pensive 13C labelled compounds. As a novelty, the inclusion of stearic acid as a 
co-surfactant to the p-tert-butylcalix[8]arene enabled the procedure to reach a 
higher TBN number than when p-tert-butylcalix[8]arene was used on its own. An 
attempt was made to prepare a TBN 400 sample, but while this material was clear 
and translucent, it proved to be too viscous for practical use. Consequently, a TBN 
of 250 appears to be probably the upper limit available via this formulation. 
Surprisingly, the preparation only succeeds when p-tert-butylcalix[B]arene prepared 
by the 'in house' industrial procedure was used; using material of high purity from 
Aldrich or Fluka causing the above procedure to fail. This can be due to the high 
Purity material disrupting the stoichiometry of the formulation, or to a raw material 
physical property such as particle size of calcium hydroxide powder and p-tert- 
buty1calix[8]arene. This indicates how sensitive the procedure is to relatively slight 
modifications, a fact frequently noticed on an industrial scale. 
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The phenomenon called 'overcarbonation' is the most frequent source of 
overbasing processes failures. It describes the formation -and precipitation of 
crYstalline calcium carbonate in the calcite or vaterite form, in opposition to the 
amorphous calcium carbonate core of calixarate overbased detergent particles. It 
generally occurs after reaching the peak TBN number, around carbonation 
completion. More insights about overcarbonation will be given in 4.5. 
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4.2: THE NEUTRALISATION PROCESS. 
It is well established that the neutralisation stage involves neutralisation of the 
surfactants and co-surfactants (p-tert-butylcalix[8]arene, stearic acid) by the 
calcium hydroxide. This work confirms the complete neutralisation of the stearic 
acid. This is proven by the shift of the stearic acid Cl signal from 179 ppm to 185 
ppm in the ' 3C NMR spectrum and the absence of any residual carbonyl signal in 
the 1700 cm-1 region of the IR. However, the neutralisation of the stearic acid 
raised some questions: 
Despite the large stoichiometric excess of base (Ca(OH)2) and the apparent large 
difference in relative pK, values of 15.7 and ca. 5, for water and carboxylic acid, 
respectively 56 , most of the stearic acid 
is not bound to a calcium hydroxide core at 
this stage (e. g. calculation of particle surface area). The question therefore arises As 
to whether this 'unbound' surfactant is as 'free' stearic acid dissolved in the 
hydrocarbon, or as a 6reservoir' of calcium stearate inverse micelles-95 The 
evidence that all the stearic acid has been neutralised indicates the latter. 
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The extent of calix(Slarene neutralisation at this'stage is less clear. Limited Uv-vis 
spectroscopy evidence suggests that the calix[8]arene is di-deprotonated, and, it is 
assumed that all of the di-deprotonated calixarene is bound to the Ca(OH)2 core as 
a Ca-02-calixarene or forming empty micelles as Ca(stearate)2* 
Langmuir trough experiments indicate particle sizes of ca. 53 nm, but dynamic light 
scattering experiments detect larger particles, up to 30 gm. These appear to be 
fragments of unchanged calcium hydroxide, although the possibility of aggregates 
of the inverse-micellar nanoparticles cannot be ruled out. A model of micellar 
calcium hydroxide in suspension in an organic medium was proposed by Bruno 
Delfort, Maurice Born, Agnes Chive, and Loic Barre in 1997.64 This synthesis 
process was different from that here because it involved a reaction between calcium 
hydride and calcium alkylarysulphonate. The result obtained was a colloidal 
suspension of calcium hydroxide with a disk shape structure with a diameter of 200 
nm and shell thickness of 0.3 run. 
Another model proposed was also sulphonate-based. An aqueous mixture 
containing some MeOH saturated in calcium hydroxide was mixed with 
sulphonates to produce micellar calcium hydroxide. It is important to notice that 
non-dissolved calcium hydroxide was still present at the end of the synthesis. 
Calculations, based on spherical particles of diameter 53 run show that there is far 
more surfactant (sterate and calixarate) present than necessary to provide a 
monolayer coating for the calcium hydroxide particles even if all the Ca(OH)2 was 
present at this size. This, along with the evidence discussed above, is interpreted in 
terms of a 'reservoir' of calcium stearate inverse micelles. It should be noted that a 
deviation from a spherical shape towards, for example, a disc will result in a much 
greater proportion of surfactant being required for 'coating' than that based on the 
4 spherical' calculation. Such a 'disc' shape has been proposed by others-64 
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In summary, the proposal is of a 'neutralised' state consisting of colloidal inverse 
micelles (typically 53 mn diameter) with a calcium hydroxide core and calcium 
stearate and calcium calixarate surfactant coating. In addition there is a large 
reservoir of calcium stearate (and possibly calcium calixarate) inverse micelles 
without a calcium hydroxide core, but possibly with a core of water, ethylene glycol 
and some dissolved calcium hydroxide. A portion of the calcium hydroxide exists 
as large lumps of essentially unchanged solid material, suspended in the 
hydrophobic medium. Finally, there is the possibility of aggregates of the calcium 
hydroxide nanoparticles. 
CaOH2 core 
Calcium stearate and 
calixarate micelle, 
containing dissolved 
CaOH2 
Figure 4.2: Neutralised material consisting of colloidal calcium hydroxide (surfactant salt), non 
colloidal calcium hydroxide (in suspension) and micelles of calcium calixarate / stearate containing 
dissolved calcium hydroxide in water and ethylene glycol. 
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4.3: THE CARBONATION PROCESS. 
During the carbonation process, calcium hydroxide is turned into calcium 
carbonate. No further chemical changes were observed in stearate, calixarate, 
ethylene glycol, 2-ethylhexan- I -ol or hexadecane. 
There is no change in the chemical environment (as seen by NMR) of the stearate 
(e. g. re-protonation), despite the replacement of a strong base (calcium hydroxide) 
by a weaker one (calcium carbonate, pK. (I) of H2CO3 = 6.4, pK, (2) of H2CO3 = 
10). 56 This may be due to the removal of water, as much as to the difference in pK.. 
The 13 C NMR showed a noticeable broadening of peaks, especially those 
corresponding to atoms lying in the polar organic shell of the surfactants, such as 
CI of stearate. This indicates that there is a much greater proportion of stearate 
bound to the core (now calcium carbonate), than in the neutralised material, where 
the presence of empty micelles of surfactants is suggested. The 13C NMR CI peak 
also reflects the decrease in size from the neutralised material to the carbonated 
one, since a greater proportion of surfactant is required to cover the small calcium 
carbonate particles due to the relative increase of surface area. No changes were 
observed by UV-vis or 1 3C NMR in the case of calixarate. This might be due to the 
fact the alkyl chain calixarate is a much more rigid molecule than the stearate, and 
therefore less likely to be affected by binding to the carbonate core, unlike the 
stearate. 
When using 13C labelled ethylene glycol, a broad residual peak is observed by 
1 3c 
NMR, after carbonation and solvent stripping (high temperature and low pressure). 
This indicates that residual ethylene glycol is tightly bound to the core. The 2- 
ethylhexan- I -ol 
13 C NMR signal disappears after solvent stripping and proved, 
unlike ethylene glycol, to only contribute to the reaction as a co-solvent. 
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Duning the carbonation, the particle size drops from a 'calcium hydroxide' value of 
ca. 53 nm to its 'final' value of ca. 8 nrn very quickly, after only 23% carbonation. 
This is interpreted as a rapid 'big bang' type breakdown of the initial calcium 
hydroxide core. A flow-rate experiment confirmed that the chemical reaction of the 
C02 under these conditions with the neutralised sample is faster than the rate of 
delivery. It can then be suggested that the outer layer of the large calcium 
hydroxide particle becomes converted to calcium carbonate to give a particle with 
an inorganic core composed of calcium hydroxide with an outer layer of calcium 
carbonate. This is reasonable, since the evidence is that reaction of gaseous C02 
with solid (or 'moist') Ca(OH)2 is very rapid, and may be faster than the rate of 
diffusion of the gas through the solid, therefore giving preferential reaction at the 
surface as shown on Figure 4.3. 
Surfactant 
Hexadecane 
Calcium carbonate 
in outer layer of the 
core 
Figure 4.3: Carbonation of the outer layer of the calcium hydroxide core. 
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This work and many earlier works confirm that surfactant-stabilised calcium 
carbonate particles are most stable in the form of small nanoparticles (<Onm). 12,21 
Values between 3 and 6 nm have been previously found for sulphonates and 
calixarate systems. 16,17,59 The value of 8.9 nm found in our work seems to be a bit 
higher than previous findings, but the composition of the overbased detergent 
described in this work includes both stearic acid and calixarene, unlike systems 
mentioned somewhere else. 21 
If we assume that the stabilisation of an inorganic core by surfactant in an organic 
solvent is a surface phenomenon (stability depending on surface interactions only), 
the large partly carbonated particle is destabilised by its outer carbonate layer. This 
outer carbonate will prefer to be entirely (instead of partially) stabilised by 
carbonate-surfactant interaction; this correspond to a small particle size (8 rim). The 
mechanism of conversion of calcium hydroxide into calcium carbonate can then be 
described as continuing with the fragmentation (e. g. break down) of a partly 
carbonated particle once it reached its stability limit (e. g. 30% of carbonate). The 
remaining calcium hydroxide is ftirther stabilised by surfactant from the calixaratc / 
stearate micelle containing dissolved calcium hydroxide, and can be transported to 
other calcium hydroxide micelles due to collisions. The mechanism of the particle 
break down is described on Scheme 4.3 (break down of particles). A complete 
description of the carbonation mechanism is proposed in 4.6. The reduction in 
Particle size from hydroxide to carbonate was also hinted at by Y. Liu, W. Liu and 
X. Fu. 96 
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Ca(OH)2 1 
ob 
i-'- 
70% Ca(OH)2 
30% CaC03 
i 
Breakdown ot'particle 
Ca(OH)2 I Stabilisation 
CaCo, 
5 
Dissolved calcium 
hydroxide rt-ýicelle 
Scheme 4.3: Breakdown of partly carbonated calcium hydroxide / carbonate particles. The 
fragmented particle of mixed calcium hydroxide and carbonate is stabilised by dissolved calcium 
hydroxide micelles and calcium carbonate and hydroxide particles are generated. 
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The 13 C NMR monitoring using 13 C-enriched C02 has shown that the reaction of 
the C02 with Ca(OH)2 was more complex than originally envisaged. Two new 
peaks (x and y) appeared in the carbonate region prior to the main body of CaC03 
in the sample (Figure 4.4). Despite a series of experiments used to test various 
hypotheses, the exact nature, function and importance of these two materials 
remains unproven. 
(y) (z) 
(x) 
Ira is; lei lei lei 
Figure 4.4: 13 C NMR carbonate signals (13C 100% enriched) in overbased detergent spectrum after 150 s 
(normally 100%) of carbonation. 
Only peaks (y) and (z) are visible in Solid State 13 C NMR (complete carbonation). 
The lack of corresponding signals in solid state NMR for the peak (x) suggests that 
it does not correspond to solid material. This is confirmed by the very short 
longitudinal relaxation time measurement, characterising a chemical species mobile 
in hexadecane. For the peak (y), it can be suggested that it corresponds to the 
carbonated form of an oxyanion formed rapidly on 'first contact' with the C02 
(Scheme 4.4). 
a) 
Calix-0- + C02 
C02 Calix 0\ 
C-0- 
b) 
I 
C02 
0 
-----ýC 
0 14 
Cý\OH 
14 
Cý\O- 
Scheme 4.4: Equilibrium of the a) calixarate oxyanion carbonation, b) Stearate oxyanion carbonation. 
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The possibility of a similar reaction with stearate (Scheme 4.4) is unlikely, since no 
13 C NMR shift in the C, signal at 185 ppm had been observed. 
4.4: THE OVERCARBONATION. 
The word overcarbonation is not properly defined. It generally relates to a break 
down of the calcium carbonate micellar structure due to the injection of calcium 
carbonate. A typical overcarbonated sample shows a creamy appearance which 
contrasts with the translucent appearance of the colloidal calcium carbonate. When 
analysed by langmuir-trough, no micellar material could be detected in such a 
sample. This implies that all the calcium carbonate has been turned into its 
precipitated form. Overcarbonation occurs when carbonation is fast or prolonged. 
This strongly suggests that it results from an 'overshooting' of the required amount 
of C02, generally the stoichiometric amount. Since there is no simple form of 
C SuPercarbonate' that excess C02 Might form, complete carbonation is then what 
causes overcarbonation. There is also strong evidence from other sources that 
crystallisation of the calcium carbonate is a factor. This implies in the 'successful' 
carbonation, either that the conversion of Ca(OH)2 to CaC03 is not allowed to go to 
completion, or that the CaCO3 core is 'disrupted' by the presence of other species. 
The evidence in this work for the presence of ethylene glycol in the core, andthe 
evidence that it is always retained to some extent, suggests the latter. Thus, it is 
possible that rapid or excess carbonation acts to 'dry out' the core allowing the 
crystallisation, and then consequently the precipitation, of the CaC03- 
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4.5: MECHANISM. 
A mechanism of the whole overbasing reaction is described on Scheme 4.5 to 4.7. 
The calcium hydroxide is partially neutralised / solubilised in the reaction medium 
by the surfactants, during the neutralisation stage (a). The solubilised neutralised 
material is then carbonated up to 23%, and the mixed particle (hydroxide / 
carbonate) breaks down (b). The empty micelle acts then as a reservoir of surfactant 
to stabilise the calcium carbonate (as small nanoparticles) and calcium hydroxide 
produced. Some more sedimented calcium hydroxide is then solubilised by some 
empty micelles and then ready for further carbonation (c). 
a) Neutralisation 
Lump o 
a(OH)2 
Lumpof 
Ca(OH)2 
+/ 
a(OH)2 
Free surfwMt 
Calcium calixarate and 
stearate micelle containing 
dissolved calcium hydroxide 
in water / ethvlene izlvcol 
Lumpof 
Ca(OH)2 
Scheme 4.5: Partial solubilisation of calcium hydroxide by surfactant micelles. 
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Chapter 4: Mechanism of the Overbasing Reaction 
b) Carbonation of solubilised calcium hydroxide into calcium carbonate and 
fragmentation of the mixed calcium hydroxide / carbonate particle. 
C02 
Ca(OHý 
Empty micelle (calcium 
calixarate and stearate) 
+ water and EG 
Ca(CO)3 
30% 
CaOH2 
70% 
Remaining of calcitun 
hydroxide 70% 
Ca(CO)3 ,%ý /", 
-- 
M% 
I tý 
CaOH2 
70% 
Partly carbonated 
particle 30% 
Calcium carbonate 
nanoparticles 30% 
+ 
fj 
Scheme 4.6: Mechanism hypothesis. The carbon dioxide destabilises the pre-neutralised material 
that contains calcium hydroxide and calcium carbonate up to the ratio 1: 3. The empty micelles are 
solubilising the calcium carbonate produced and the remaining of the calcium hydroxide. 
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Chapter 4: Mechanism of the Overbasing Reaction 
c) Furtber solubilisation of sedimented calcium bydroxide. 
Empty micelle (calcium 
calixarate and stearate) 
Sedimented calcium + water and EG 
hydroxide 
Ca(OH)2 
l*-----v-----l 
)I 
5--l 
J\/\/'\ 
C02 
..... . ..... ....................... 
1-1-1 
Remaining of calcium 
hydroxide 
70% 
Scheme 4.7: c) Mechanism hypothesis. The remaining Of the n-, icelles containing the calcium 
hydroxide can then solubilise more undissolved calcium hydroxide- Further carbonation can then 
take place. 
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Conclusion 
In this project, a new range of overbased detergents was prepared using calixarene and 
stearic acid as surfactant and co-surfactant. Other systems involving calixarene have 
been studied in the past but did not involve the presence of the stearic acid as a co- 
surfactant, due to the difficulty of synthesis and extraction of them for further study. 
This material was characterised at both neutralised and final stages. Evidence was given 
that at the neutralisation stage, the material was made of calcium stearate (19%), 
calcium calixarate (7%) and calcium hydroxide (74%). A micellar structure was 
detected for an early stage of the reaction (96% of calcium hydroxide, 4% of calcium 
carbonate), indicating that a part of the 'free' calcium hydroxide is stabilised in a 
micellar structure, the rest remaining in suspension in the organic medium. The particle 
size measurement showed a particle diameter between 78 and 53.3 nm which seems to 
be consistent with other works, where hydroxide particles were about 100 mn. Some 
much larger particles were also identified, but might correspond to an aggregation 
phenomenon. 
The final overbased detergent calixarate showed a calcium carbonate core stabilised by 
calcium stearate and calcium calixarate . The particles are much smaller than 
in the case 
of the neutralised material but still appear to be large (upper limit) for such systems (6- 
8 nm). 
The mechanism of formation of the calixarate overbased detergent has been monitored 
on both molecular and supra-molecular level. The hypothesis of an ongoing dissolution 
of the excess of calcium hydroxide along with the carbonation process was proposed. 
The particle size dropped considerably from the beginning until the first quarter of the 
carbonation and remained almost stable until the end. This indicates an "explosion" of 
the pre-existing micellar structure (initially 100% of calcium hydroxide) composed at 
the moment of its explosion of 75% of calcium hydroxide and 25% of calcium 
carbonate. 
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The reorganisation of the micellar structure due"to collisions with empty micelles; helps 
further solubilising of the remaining calcium hydroxide, which is then further 
carbonated. 
The overcarbonation phenomenon was studied and was noticed to happen even when 
not exceeding the stoichiometric amount of carbon dioxide. Composed of precipitated 
carbonate, the overbased material did not show any micellar structure. A minimum of 
calcium hydroxide, as well as some ethylene glycol and water is needed to maintain the 
amorphous calcium carbonate structure. These are crystallisation inhibitors, and the 
overcarbonation phenomenon is the crystallisation of the whole calcium carbonate 
contained in the particle. The fact the overbasing process is so difficult to control 
(frequent risk of overcarbonation) is due to the fact the stoichiometric amount of carbon 
dioxide is then too high for the structure stability. 
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Appendix 1 
Dynamic light scattering study 
All the samples were dissolved in toluene prior to analysis using the Photon 
Correlation Spectrometer. 
The raw results obtained are shown on Table I to 3. 
Size(nm) Intensity Volume Number Peak Analysis by intensity 
78.7 0.1 0,0 16.5 
102.4 0.2 0.0 11.0 
133.3 0.4 0.0 6,2 
173.4 0.7 0.0 4.4 
225.7 1.2 0.5 11.8 
293.8 ý 2.0 1.0 19.8 
382.4 3.2 1.2 13.3 
497.6 4>6 1.4 5.7 
647.7 6.2 1.5 3.4 
843.0 7.9 1.8 1.5 
1097.1 9.3 6.4 1.7 
1427.9 10.2 14.8 2.3 
1858.4 10.5 15.1 1.6 
2418.8 10.1 9,6 0.5 
3148.1 9.0 7,7 0.1 
4097.2 7.5 5.4 0.1 
5332.6 5.9 3.6 0.0 
6940.4 4.2 3.4 0.0 
9032.9 2.9 5.7 0.0 
11756.4 1.8 9.7 0.0 
15301.1 1.1 7.9 0.0 
19914ý5 0.6 2.7 0.0 
25918.8 0.3 0.3 0.0 
33733.6 0.1 0.1 0.0 
Peak Area Mean Width 
1 100.0 2921.7 5365.9 
Peak Analysis by volume 
Peak Anaa Mean W(fth 
1 71.1 2351.0 2069.1 
2 28.9 12607.9 971l. 5 
Peak Analysis by number 
Peak Area Mean Width 
1 36.1 105.3 17.8 
2 56.5 344.5 221,8 
3 7.4 1470.1 1002.4 
Table 1; Pre-carbonation material Size distributions. 
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Size(nm) Intensity Volume Number 
107.9 0.1 0.0 2.3 
140.4 0.2 0.0 1.7 
182.7 0.4 0.0 1.5 
237.8 0.7 1.5 19.3 
309.5 1.2 3.0 37.0 
402.8 2.0 3.1 22.7 
524.3 3.2 3.3 8.3 
682.3 4.6 2.3 4.6 
888.1 6.2 2.2 1.0 
1155.8 7.9 3.5 0.9 
1504.3 9.3 3.4 0.5 
1957.8 10.2 3.6 0.2 
2548.2 10.5 5.4 ol 
3316.4 10.1 5.9 0.1 
4316.4 9.0 4.3 0.0 
5517.8 7.5 3.3 0.0 
7311.6 5.9 5.6 0.0 
9516.1 4.2 12.3 0.0 
12385.3 2.9 18.1 0.0 
16119.5 1.8 14.3 0.0 
20979.7 1.1 4.8 0.0 
27305.2 0.6 0.3 0.0 
35537.9 0.3 0.0 0.0 
46252.8 0.1 0.0 0.0 
Peak Analysis by intensity 
Peak Area Mean Width 
1 100.0 4008.0 7357.3 
Peak Analysis by volume 
Peak Area Mean Width 
1 14.1 505.8 436.6 
2 8.4 1220.2 0.0 
3 23.7 3193.7 2358.5 
4 53.8 12592.2 10319.2 
Peak Analysis by number 
Peak Area Mean Wdth 
1 5.3 138.3 0.0 
2 94.7 382.5 203,0 
Table 2: Imin of carbonation. Sizes distributions. 
Size(nm) intensity volume Number 
506.7 0.1 0.0 18.5 
659.5 0.2 0.0 10.7 
858.3 0.4 0.1 7.3 
1117-1 0.7 0.2 10.3 
1453.9 1.2 0.5 13.8 
1892.3 2.0 0.9 13.0 
2462.8 3.2 1.3 9.7 
3205.4 4.6 1.6 5.7 
4171.9 6.2 2.0 3.1 
5429.7 7.9 2.6 1.9 
7066.8 9.3 5.1 1.3 
9197.5 10.2 17.0 1.7 
11970.6 10.5 28.0 1.8 
15579.8 10.1 22.9 1.0 
70277.3 9.0 12.7 0.2 
26391.0 7.5 4.5 0.1 
34348.1 5.9 0.0 0.0 
44704.3 4.2 0.2 0.0 
58183.0 2.9 0.3 0.0 
75725.6 1.8 0.2 0.0 
98557.4 1.1 0.0 0.0 
128273.2 0.6 0.0 0.0 
1669485 0.3 0.0 0.0 
217284.7 0.1 0.0 0.0 
Peak Analysis by intensity 
Peak Area Mean Width 
1 100,0 18819.4 34662.9 
Peak Analysis by volume 
Peak Area Mean Width 
1 99.3 13025.7 11029.5 
Peak Analysis by number 
Peak Area Mean Width 
1 33.6 622.0 84.4 
2 60.8 2077.3 1882.5 
3 5.0 11150.2 6621.4 
Table 3: 25 min of carbonation. Sizes distributions. 
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Appendix 2 
Molecular structures of reagents 
The reagents are shown and the carbon atoms numbered, so they can be assigned to 
the corresponding NMR signals. 
Hexadecane 
16 
Stearic acid 
C02H 
17 
2-ethylhexan-l-ol 
OH -ýlý 
Ethylene glycol 
HO H 
187 
p-tert-butylcalix-8-arene 
H 
t-Bu 
Methylene 
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Appendix 3 
Liquid state NMR parameters: 
Parameter ls - 5s los 30s 6os 1503 
Aq. (sec) 0.78 0.78 0.78 0.78 0.78 0.78 
NS 2962 2962 2718 4716 4372 9991 
Pw 3 3 3 3 3 
Solid state NMR parameters: 
Parameter Is , Ss los 30s 6os 1503 
Aq. (sec-) 0.029 0.029 0.029 0.029 0.029 0.029 
Ns 1000 1000 3000 1000 1000 1000 
PW 3 3 3 3 3 
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